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            The Standard ModelThe Standard Model

A quantum theory that describes how all  known fundamental particles interact

                                 via the strong, weak and electromagnetic forces

A gauge field theory with a symmetry group SU(3)
c
! SU(2)

L
!U(1)

Y

Matter fields :  
3 families of quarks and leptons with 

the same quantum numbers  under 

the gauge groups

12 fundamental gauge  fields:  

 8 gluons,  3       ‘s  andµW µB

3,21
, gggand 3 gauge couplings:

Force Carriers:

 SM particle masses and interactions have been tested at Collider experiments

 ==> incredibly successful description of nature up to energies of about 100 GeV 

Crucial Problem: The gauge symmetries of the model do not allow to

generate mass for fundamental particles!
Crucial Problem: The gauge symmetries of the model do not allow

the generation of mass for the fundamental particles !
Wednesday, April 10, 2013



                                      The Higgs Mechanism

A self interacting complex scalar doublet with no trivial quantum numbers under SU(2)L x U(1)Y

•  Spontaneous breakdown of the symmetry generates 3 massless Goldstone bosons

    which are absorbed to give mass to W and Z gauge bosons 

•  Higgs neutral under strong and electromagnetic interactions 

  exact symmetry SU(3)C x SU(2)Lx U(1)Y ==> SU(3)C x U(1)em 

•  One extra physical state -- Higgs Boson --  left in the spectrum

V (!) = µ2
!

+
! +

"

2
!

+
!( ) 2

            µ2 < 0

Higgs vacuum condensate v ==>  scale of EWSB

M
V

2
= g!VV v 2

•  Masses of fermions and gauge bosons proportional to their couplings to the Higgs

mf = h
f
 v

m
H
SM

2
= 2!  v

2

The Higgs field acquires non-zero value 

to minimize its energy

m! = 0   m
g
= 0
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The Discovery of a Scalar boson like particle
puts the final piece of the Standard Model in place                           

and  marks the birth of the hierarchy problem:
one of the main motivations for physics beyond the SM

The SM works beautifully,  
no compelling hints for deviations

But many questions remain unanswered:

Dynamical Origin of electroweak symmetry breaking
Origin of generations and structure of Yukawa interactions
Matter-antimatter asymmetry
Unification of forces
Neutrino masses
Dark matter and dark energy

Hence, the “prejudice” (the hope) that there must be “New Physics”
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Quantum Corrections to the Higgs mass parameter diverge quadratically 
with the scale at which the SM is superseded by New Physics

The Generation of big hierarchy of scales:
- The hierarchy problem of the SM Higgs sector -
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Quadratic Divergent contributions:

Quantum Corrections to the Higgs Mass Parameter

Higgs Mass Parameter Corrections

One loop corrections to the Higgs mass parameter cancel if the 
couplings of scalars and fermions are equal to each other
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(If the masses proceed from the 
v.e.v. of H, there is another 
diagram that ensures also the 
cancellation of the log term. 
Observe that  the fermion and 
scalar masses are the same in 
this case, equal to hf v.) 

Supersymmetry is a symmetry that ensures the equality of these couplings.

Lectures on Supersymmetry Carlos E.M. Wagner, Argonne and EFI

If the mass proceed from a v.e.v of H, the cancellation of the log terms is ensured
by the presence of an additional diagram induced by trilinear Higgs couplings.

The fermion and scalar masses are the same in this case:  mf = ms = hf v       

Supersymmetry is a symmetry between bosons and fermions 
that ensures the equality of couplings and masses

Automatic cancellation of loop corrections to the Higgs mass parameter 

One loop corrections to the Higgs mass parameter cancel if the couplings
of bosons and fermions are equal to each other

δm2
H

=
NCh2

f

16π2

�
−2Λ2 + 3m2

f
log

�
Λ2

m2
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�
+ 2Λ2 − 2m2
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�
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m2
f
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No new dimensionless couplings
Couplings of SUSY particles equal to couplings of SM particles

For every fermion there is a boson of equal mass and couplings

fermions                       fermions                       bosonsbosons
supersymmetrysupersymmetry

electron                        electron                        sselectronelectron
quark                              quark                              ssquarkquark
photphotinoino photonphoton
gravitgravitinoino gravitongraviton

Photino,  Zino and Neutral Higgsino:  Neutralinos

Charged Wino, charged Higgsino: Charginos

No new dimensionless couplings. Couplings of supersymmetric particles
equal to couplings of Standard Model ones.  
Two Higgs doublets necessary.  Ratio of vacuum expectation values
denoted by  tan β
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Low energy Supersymmetry

lesson from history: electron self energy         fluctuations of em fields

generate a quadratic  divergence but existence of electron antiparticle

cancels it,  otherwise QED will break down well below

Will history repeat itself? Take SM and double particle spectrum

  New Fermion-boson Symmetry: SUPERSYMMETRY (SUSY)

Pl
M

        SM particles           SM particles                                   SUSY particlesSUSY particles

Supersymmetry
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Why Supersymmetry?

• Helps stabilize the weak scale-Planck scale hierarchy

• SUSY algebra contains the generator of space translations 

• Allows for Gauge Coupling Unification at a scale ~ 1016 GeV  

• Starting from positive Higgs mass parameters at high energies,                 
induces electroweak symmetry breaking radiatively.       

• Provides a good Dark matter candidate:                                   
The Lightest SUSY Particle (LSP) 

• Provides possible solutions to the baryon asymmetry of the universe.                                                                                                                                                                                                 

necessary ingredient of theory of  quantum gravity
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Supersymmetry Generators
For every fermion there is a boson of equal mass and couplings

Supersymmetric transformations relate bosonic to fermionic degrees of freedom
the operator Q that generates that transformation acts, schematically 

Q†|B >= |F > Q†|F >= |B >Q|B >= |F > Q|F >= |B >

The SUSY generators,  Q and      
are two component anti-commuting spinors satisfying:

Q†

{Qα, Qβ} = {Q†
α, Q†

β} = 0{Qα, Q†
α} = 2σµ

αα̇Pµ

where σµ = (I,�σ), σ̄µ = (I,−�σ), and σi are Pauli Matrices

P
µ = (H, �p) is the generator of spacetime translations : part of the SUSY algebra

[Qα, Pµ] = [Q†
α̇, Pµ] = 0

Two spinors may contract to form a Lorentz invariant:

ψ.χ = ψαχα = ψα�αβχ
β ψ̄.χ̄ = ψ̄α̇χ̄

α̇ = ψ̄α̇�
α̇β̇χ̄β̇
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Since there is a relation between the momentum operator and the SUSY 
generators, one can compute the energy operator

Two things may be concluded from here. First, the Hamiltonian operator is 
semidefinite positive.       

                                                  

Second,  if the theory is supersymmetric, then the vacuum state should be 
annihilated by supersymmetric charges

So, the vacuum state energy is zero !  The vacuum energy  is the order 
parameter for Supersymmetry breaking. 

H =
1
4

�
Q1Q

†
1 + Q

†
1Q1 + Q2Q

†
2 + Q

†
2Q2

�

Hamiltonian of Supersymmetric Theories

P0 =

< H > = E ≥ 0

Qα|0 >= 0, Q
†
α̇|0 >= 0 =⇒ < 0|H|0 >= 0
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V (Φ)

Φ

Spontaneous breakdown of SUSY

If  Vmin is non-zero, the vacuum state is 
non supersymmetric and breaks SUSY 
spontaneously.
A massless fermion, the Goldstino, 
appears in the spectrum of the theory.
In Supergravity (local SUSY), the 
Goldstino is the Gravitino longitudinal 
component.

Preservation of SUSY

V (Φ)

Φ

A non-trivial Minimum could lead 
to the breakdown of gauge or 
global symmetries but SUSY is 
preserved, provided the value of the 
effective potential at the minimum 
is equal to zero
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Four-component vs. two-component Weyl fermions

ψD =
�

χα

ψ̄α̇

�

ψC
D =

�
ψα

χ̄α̇

�

  *   A Dirac spinor is a four component object whose components are

  *   A Majorana spinor is a four component object whose components are

ψM =
�

χα

χ̄α̇

�
ψC

M = ψM

  *   Gamma Matrices (in Weyl representation)

γµ =
�

0 σµ

σ̄µ 0

�
γ5 =

�
−I 0
0 I

�

  *   Observe that PL ψD =

�
χα

0

�
PR ψD =

�
0
χ̄α̇

�

the hermitian conjugate of a 
L.H. Weyl fermion is a R.H. one

(χα)
† = χ†

α̇ ≡ χ̄α̇

where: ψC = Cψ̄T = −iγ2ψ∗

σµ = I,�σ σ̄µ = I,−�σ
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  *   Usual Dirac contractions may then be expressed in terms of two   
       components contractions

ψ̄DψD = ψχ + h.c. with ψ̄D = (ψα χ̄α̇)

In particular: ψ̄DγµψD = ψσµψ̄ + χ̄σ̄µχ = −ψ̄σ̄µψ + χ̄σ̄µχ

Observe that Majorana particles lead to vanishing vector currents
Hence, they must be neutral under electromagnetic interactions

They may couple to the Z boson

Other relations may be found in the literature

ψ̄Dγµγ5ψD = ψσµψ̄ + χ̄σ̄µχ = −ψ̄σ̄µψ − χ̄σ̄µχ_

The antisymmetric tensor  εαβ = - εαβ= iσ2 is used to define the invariant 
scalar product of  Weyl spinors or to lower and raise indices:

χα = �αβχ
β χα = �αβχβ χ̄α̇ = �α̇β̇χ̄

β̇ χ̄α̇ = �α̇β̇χ̄β̇

Chiral currents, instead, do not vanish for Majorana fermions

Convention:  repeated spinor indices contracted                      can be omittedα
α or α̇

α̇

ψD =
�

χα

ψ̄α̇

�
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Superspace
Superspace

• In order to describe supersymmetric theories, it proves convenient to

introduce the concept of superspace.

• Apart from the ordinary coordinates xµ, one introduces new

anticommuting spinor coordinates θα and θ̄α̇; [θ] = [θ̄] = -1/2.

• One can also define derivatives

{θα, θβ} = 0; θθθ = 0; [θQ, θ̄Q̄] = 2θθ̄σµPµ

∂α =
∂

∂θα
; ∂αθβ

= δβ
α; ∂α(θβθβ) = 2θα (14)
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The existence of a generator superalgebra is connected to the existence of 
 a supergroup whose elements are obtained via exponential of the generators 

 times some arbitrary parameters 

A general group element of the graded Lie Group is given by:

Any cuadrivector Vμ can be associated to a matrix Vαα such that.

Vαα̇ = Vµσ
µ
αα̇ = V µσµαα̇ detVαα̇ = V 02 − �V 2 = VµV

µ

Pµσ
µ
αα̇ = Pαα̇ Xµσ

µ
αα̇ = Xαα̇ Xαα̇Pαα̇ = 2XµPµ

(similar to Pµ = −i∂µ)

{∂α, ∂β} = 0

S(x, θ, θ̄) = exp[i(θQ+ θ̄Q̄+Xαα̇Pαα̇/2)]
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Differential representation of SUSY generators
•Supersymmetry is a particular translation in superspace characterized by a     
 Grassmann parameter ς

•Considering a Taylor expansion

expξ
αα̇∂αα̇ f(x) = f(xαα̇ + ξαα̇)

expζ
α∂α f(θ) = f(θα + ζα) expζ̄

α̇∂α̇ f(θ̄) = f(θ̄α̇ + ζα̇)

one can see that acting on superfields the generators can be given as 
derivative operators

Pαα̇ = −i∂αα̇ = −i∂µσ
µ
αα̇

Qα = −i∂α − θ̄α̇∂αα̇ Q̄α̇ = i∂α̇ + θα∂αα̇

(∂αα̇ = 2∂/∂xαα̇)

One can check that these differential generators fulfill the SUSY algebra

Superspace allows to represent fermion and boson fields by the same 
superfield, by fields in superspace
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Chiral Superfields
  The superfields defined by Φ(z) = S(z)Φ(0) = Φ(x,θ,θ) are not an irreducible basis-

One can define differential operators

D̄α̇ = −∂̄α̇ − iθασµ
αα̇∂µDα = ∂α + iθ̄α̇∂αα̇

Given that {D̄α̇, Qβ} = 0 {D̄α̇, Q̄β̇} = 0 [D̄α̇, Pββ̇ ] = 0

A Chiral Superfield fulfills        D̄α̇Φ = 0
DαΦ = 0

An anti-chiral superfield fulfills

anti-chiral fields are the hermitian conjugate of chiral fields, enough to concentrate on chiral fields

If a superfield is chiral, since D commutes with SUSY transformation,  hence
the SUSY transformation is also chiral

Chiral Superfields form the basis of an irreducible representation of SUSY

SD̄α̇Φ = D̄α̇SΦ = 0

it is easy to show that              commute with SUSY transf.Dα, D̄α̇ [D̄, expi(ζQ+ζ̄Q̄)] = 0

-
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Chiral Superfields (cont’d)

 To fulfill D̄α̇Φ = (−∂̄α̇ − iθασµ
αα̇∂µ)Φ = 0

 implies that the chiral superfield must depend on          in a specific wayθ̄, x

yµ = xµ − iθ̄α̇σµ
αα̇θ

α

Hence a generic Chiral Superfield can be written staring from its value at θ̄ = 0

D̄α̇y
µ = 0

φ(x, θ, θ̄) = φ(xµ − iθ̄α̇σµ
αα̇θ

α, θ) = expiθσ
µθ̄∂µ φ(x, θ, 0)

Chiral Fields

• A generic scalar, chiral field is given by

Φ(x, θ, θ̄ = 0) = A(x) +
√

2 θ ψ(x) + θ2F (x)

Φ(x, θ, θ̄) = exp(−i∂µθσµθ̄) Φ(x, θ, θ̄ = 0) (16)

• A, ψ and F are the scalar, fermion and auxiliary components.

• Under supersymmetric transformations, the components of chiral
fields transform like

δA =
√

2ξψ, δF = −i
√

2ξ̄σ̄µ∂µψ

δψ = −i
√

2σµξ̄∂µA +
√

2ξF (17)

• The F component transforms like a total derivative.
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Chiral Fields

• A generic scalar, chiral field is given by

Φ(x, θ, θ̄ = 0) = A(x) +
√

2 θ ψ(x) + θ2F (x)

Φ(x, θ, θ̄) = exp(−i∂µθσµθ̄) Φ(x, θ, θ̄ = 0) (16)

• A, ψ and F are the scalar, fermion and auxiliary components.

• Under supersymmetric transformations, the components of chiral
fields transform like

δA =
√

2ξψ, δF = −i
√

2ξ̄σ̄µ∂µψ

δψ = −i
√

2σµξ̄∂µA +
√

2ξF (17)

• The F component transforms like a total derivative.
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with φ(x, θ, θ̄ = 0) = A(x) +
√
2Ψ(x) + θ2F (x)

The F component of a 
Chiral Superfield transforms 

like a total derivative
=> good for SUSY L
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Properties of chiral superfields

• The product of two superfields is another superfield.

• For instance, the F-component of the product of two superfields Φ1

and Φ2 is obtained by collecting all the terms in θ2, and is equal to

A1F2 + A2F1 + ψ1ψ2 (18)

• For a generic Polynomial function of several fields P (Φi), the result is

(∂AiP (A))Fi +
1
2

�
∂2

Ai,Aj
P (A)

�
ψiψj (19)

• Finally, a single chiral field has dimensionality [A] = [Φ] = 1, [ψ]=
3/2 and [F ] = 2. For P (A), [P (Φ)]F = [P (Φ)] + 1 ([θ] = [θ̄] = -1/2).
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-[Φ1Φ2]F =

[P (Φ)]F =

Properties of Chiral Superfields:

As we will see P(Φ) most generic polynomial, gauge invariant, of dimension 3 
will be good to build SUSY L

(∂AiP (A))Fi −
1
2

�
∂2

AiAj
P (A)

�
ψiψj

Properties of chiral superfields

• The product of two superfields is another superfield.

• For instance, the F-component of the product of two superfields Φ1

and Φ2 is obtained by collecting all the terms in θ2, and is equal to

A1F2 + A2F1 + ψ1ψ2 (18)

• For a generic Polynomial function of several fields P (Φi), the result is

(∂AiP (A))Fi +
1
2

�
∂2

Ai,Aj
P (A)

�
ψiψj (19)

• Finally, a single chiral field has dimensionality [A] = [Φ] = 1, [ψ]=
3/2 and [F ] = 2. For P (A), [P (Φ)]F = [P (Φ)] + 1 ([θ] = [θ̄] = -1/2).
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Properties of chiral superfields

• The product of two superfields is another superfield.

• For instance, the F-component of the product of two superfields Φ1

and Φ2 is obtained by collecting all the terms in θ2, and is equal to

A1F2 + A2F1 + ψ1ψ2 (18)

• For a generic Polynomial function of several fields P (Φi), the result is

(∂AiP (A))Fi +
1
2

�
∂2

Ai,Aj
P (A)

�
ψiψj (19)

• Finally, a single chiral field has dimensionality [A] = [Φ] = 1, [ψ]=
3/2 and [F ] = 2. For P (A), [P (Φ)]F = [P (Φ)] + 1 ([θ] = [θ̄] = -1/2).
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Expansion of Chiral Superfield

• In the above, we have only used the form of the chiral field at θ̄ = 0.

• However, for many applications, the full expression of the chiral

superfield is necessary. It is given by

Φ(x, θ, θ̄) = A(x) + i∂µA(x)θσµθ̄ − 1

4
∂2A(x)θ2θ̄2

+θψ(x) + i
θ2

2
∂µψ(x)σµθ̄ + F (x)θ2

(20)
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+
√

2

Chiral Fields

• A generic scalar, chiral field is given by

Φ(x, θ, θ̄ = 0) = A(x) +
√

2 θ ψ(x) + θ2F (x)

Φ(x, θ, θ̄) = exp(−i∂µθσµθ̄) Φ(x, θ, θ̄ = 0) (16)

• A, ψ and F are the scalar, fermion and auxiliary components.

• Under supersymmetric transformations, the components of chiral
fields transform like

δA =
√

2ξψ, δF = −i
√

2ξ̄σ̄µ∂µψ

δψ = −i
√

2σµξ̄∂µA +
√

2ξF (17)

• The F component transforms like a total derivative.

Lectures on Supersymmetry Carlos E.M. Wagner, Argonne and EFI

Expansion of a Chiral Superfield

* In the above, we only used the form of the chiral superfield at θ̄ = 0

 However,  for many applications the full expression of the chiral superfield is
 necessary:

 Important to construct the SUSY Lagrangian considering the       component 
of the general superfield formed by the product  

θ2θ̄2

φ̄φ

Wednesday, April 10, 2013



Vector Superfields

* Vector Superfields are generic hermitian fields. The minimal irreducible   
  representations may be obtained by:   (in Wess Zumino Gauge)

* Vector Superfields contain a regular gauge vector field      , its fermionic
  superpartner     and an auxiliary scalar field D

Vµ

λ

Under supersymmetric transformations the components transform like:
δV a

µ = −ξ̄σ̄µλa − λ̄aσ̄µξ δλa
α = − i

2
(σµσ̄νξ)αF a

µν + ξαDa

δDa = i(ξ̄σ̄µ∇µλa −∇µλ̄aσ̄µξ) with ∇µ = ∂µ + ig V a
µ T a

The D component of a vector field transforms as a total derivative

Vector Superfields

• Vector Superfields are generic hermitian fields. The minimal
irreducible representations may be obtained by

V (x, θ, θ̄) = −
�
θσµθ̄

�
Vµ + iθ2θ̄λ̄− iθ̄2θλ +

1
2
θ2θ̄2D (21)

• Vector Superfields contain a regular vector field Vµ, its fermionic
supersymmetric partner λ and an auxiliary scalar field D.

• Looking at the form of Qα, it is easy to see that the D-component of
a vector field transform like a total derivative.

• D = [V ] + 2; [Vµ] = [V ] + 1; [λ] = [V ] + 3/2. If Vµ describes a
physical gauge field, then [V] = 0.
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Vector Superfields

• Vector Superfields are generic hermitian fields. The minimal
irreducible representations may be obtained by

V (x, θ, θ̄) = −
�
θσµθ̄

�
Vµ + iθ2θ̄λ̄− iθ̄2θλ +

1
2
θ2θ̄2D (21)

• Vector Superfields contain a regular vector field Vµ, its fermionic
supersymmetric partner λ and an auxiliary scalar field D.

• Looking at the form of Qα, it is easy to see that the D-component of
a vector field transform like a total derivative.

• D = [V ] + 2; [Vµ] = [V ] + 1; [λ] = [V ] + 3/2. If Vµ describes a
physical gauge field, then [V] = 0.
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WZ

V 2
WZ =

1

2
θ2θ̄2VµV

µ

V 3
WZ = 0
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Superfield Strength and gauge transformations

• Similarly to Fµν in the regular case, there is a field that contains the
field strength. It is a chiral field, derived from V (W = −D̄D̄DV/4),
and it is given by

Wα(x, θ, θ̄ = 0) = −iλα + (θσµν)α Fµν + θαD − θ2
�
σ̄µDµλ̄

�α (22)

• Under gauge transformations, superfields transform like

Φ → exp(−igΛ)Φ, Wα → exp(−igΛ)Wα exp(igΛ)

exp(gV ) → exp(−igΛ̄) exp(gV ) exp(igΛ) (23)

where Λ is a chiral field of dimension 0.
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Superfield Strength

 Wα  is chiral:

and gauge invariant (ok to work in WZ gauge) 

hence the F component of  WαWα is good for SUSY L

D̄α̇Wα = 0 since {D̄α̇D̄β̇} = 0 => D̄2
1̇ = 0 = D̄2

2̇

Wα[y,θ] and Wα[x,θ] differ in a total derivative, 
hence one can consider Wα[x,θ]F for L

Lgauge =
1

4
[WαW

α]F + h.c = −1

4
FµνF

µν +
D2

2
+ iλσµ∂µλ̄
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 Gauge transformations

Superfield Strength and gauge transformations

• Similarly to Fµν in the regular case, there is a field that contains the
field strength. It is a chiral field, derived from V (W = −D̄D̄DV/4),
and it is given by

Wα(x, θ, θ̄ = 0) = −iλα + (θσµν)α Fµν + θαD − θ2
�
σ̄µDµλ̄

�α (22)

• Under gauge transformations, superfields transform like

Φ → exp(−igΛ)Φ, Wα → exp(−igΛ)Wα exp(igΛ)

exp(gV ) → exp(−igΛ̄) exp(gV ) exp(igΛ) (23)

where Λ is a chiral field of dimension 0.
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In the case of a non abelian gauge superfield, transformation laws can be 

generalized with Λ being a matrix:  Λij = Tija Λa

The gauge superfield   Vij = Tija Va has non trivial transformation in the 
field components but still can be considered in the WZ gauge

The SUSY field strength can be generalized in the non-Abelian case: 

Wα = −1

4
D̄D̄ exp−V Dα expV
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Towards a Supersymmetric Lagrangian
• The aim is to construct a Lagrangian, invariant under

supersymmetry and under gauge transformations.

• One should remember, for that purpose, that both the F-component

of a chiral field, as well as the D-component of a vector field

transform under SUSY as a total derivative.

• One should also remember that, if renormalizability is imposed, then

the dimension of all interaction terms in the Lagrangian

[Lint] ≤ 4 (24)

• On the other hand,

[Φ] = 1, [Wα] = 3/2, [V ] = 0. (25)

and one should remember that [V ]D = [V ] + 2; [Φ]F = [Φ] + 1.
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Towards a SUSY Lagrangian
The aim         construct a Lagrangian invariant under supersymmetric  and    
                     gauge transformations

The variation       should be a total derivative such that the action
             is invariant

δL
S =

�
d4x L

        Recall:   The F-component of a chiral field (or products of chiral fields) 
                          &  The D-component of a vector field 
                       transform under SUSY like a total derivative

If renormalizability is imposed, the dimension of all terms in the Lagrangian:  
[Lint] ≤ 4

On the other hand the dimensions of the chiral and vector fields are:  
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Supersymmetric Lagrangian

• Once the above machinery is introduced, the total Lagrangian takes

a particular simple form. The total Lagrangian is given by

LSUSY =
1

4g2
(Tr[WαWα]F + h.c.) +

�

i

�
Φ̄ exp(gV )Φ

�
D

+ ([P (Φ)]F + h.c.) (26)

where P (Φ) is the most generic dimension-three, gauge invariant,

polynomial function of the chiral fields Φ, and it is called

Superpotential. It has the general expression

P (Φ) = ciΦi +
mij

2
ΦiΦj +

λijk

3!
ΦiΦkΦk (27)

• The D-terms of V a and the F term of Φi do not receive any

derivative contribution: Auxiliary fields that can be integrated out

by equation of motion.
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The Supersymmetric Lagrangian
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The Supersymmetric Lagrangian
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SUSY Lagrangian in term of component fields 

SM fermion superpartners + Higgs

Gauge bosons in covariant derivatives and in Gµν

−Vscalar

SM fermions
+ Higgsinos

Yukawa 
interactions

Gauginos

Lagrangian in terms of Component Fields
• The above Lagrangian has the usual kinetic terms for the boson and

fermion fields. It also contain generalized Yukawa interactions and
contain interactions between the gauginos, the scalar and the fermion
components of the chiral superfields.

LSUSY = (DµAi)
†DAi +

�
i

2
ψ̄iσ̄

µDµψi + h.c.
�

− 1
4

�
Ga

µν

�2 +
�

i

2
λ̄aσ̄µDµλa + h.c.

�

−
�

1
2

∂2P (A)
∂Ai∂Aj

ψiψj − i
√

2gA∗
i Taψiλ

a + h.c.

�

− V (Fi, F
∗
i , Da) (28)

• The last term is a potential term that depend only on the auxiliary
fields
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Novel gaugino-scalar-fermion 
interaction

The last term is a scalar potential term that depends only on the auxiliary fields 

It contains the usual kinetic terms for boson and fermion fields, generalized 
Yukawa interactions, and novel interactions between gauginos and the scalar 

and fermion components of the chiral superfields

DµA/ψ = (∂µ + igV a
µ T

a)A/ψ Dµλ
a = ∂µλ

a − gfabcV
b
µλ

c

with the non-abelian covariant derivatives:
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Notation  bookkeeping
Notation Refreshment

• All standard matter fermion fields are described by their left-handed

components (using the charge conjugates for right-handed fields) ψi

• All standard matter fermion superpartners are described the scalar

fields Ai. There is one for each chiral fermion.

• Gauge bosons are inside covariant derivatives and in the Gµν terms.

• Gauginos, the superpartners of the gauge bosons are described by the

fermion fields λa. There is one Weyl fermion for each massless gauge

boson.

• Higgs bosons and their superpartners are described as regular chiral

fields. Their only distinction is that their scalar components acquire

a v.e.v. and, as we will see, they are the only scalars with positive

R-Parity.

Lectures on Supersymmetry Carlos E.M. Wagner, Argonne and EFI

There is one complex scalar for each chiral Weyl fermion
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Scalar Potential 

Quartic couplings governed by gauge couplings, crucial for Higgs sector 
The scalar potential is positive definite - This is not a surprise- 

From the SUSY algebra one has:

Scalar Potential

V (Fi, F
∗
i , D

a
) =

�

i

F
∗
i Fi +

1

2

�

a

(D
a
)
2

(29)

where the auxiliary fields may be obtained from their equation of

motion, as a function of the scalar components of the chiral fields:

F
∗
i = −∂P (A)

∂Ai
, D

a
= −g

�

i

(A
∗
i T

a
Ai) (30)

Observe that the quartic couplings are governed by the gauge couplings

and that scalar potential is positive definite ! The latter is not a surprise.

From the supersymmetry algebra, one obtains,

H =
1

4

2�

α=1

�
Q

†
αQα + QαQ

†
α

�
(31)

• If for a physical state the energy is zero, this is the ground state.

• Supersymmetry is broken if the vacuum energy is non-zero !
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�
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(A
∗
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a
Ai) (30)

Observe that the quartic couplings are governed by the gauge couplings

and that scalar potential is positive definite ! The latter is not a surprise.

From the supersymmetry algebra, one obtains,

H =
1

4

2�

α=1

�
Q

†
αQα + QαQ

†
α

�
(31)

• If for a physical state the energy is zero, this is the ground state.

• Supersymmetry is broken if the vacuum energy is non-zero !
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Scalar Potential

V (Fi, F
∗
i , D

a
) =

�

i

F
∗
i Fi +

1

2

�

a

(D
a
)
2

(29)

where the auxiliary fields may be obtained from their equation of

motion, as a function of the scalar components of the chiral fields:

F
∗
i = −∂P (A)

∂Ai
, D

a
= −g

�

i

(A
∗
i T

a
Ai) (30)

Observe that the quartic couplings are governed by the gauge couplings

and that scalar potential is positive definite ! The latter is not a surprise.

From the supersymmetry algebra, one obtains,

H =
1

4

2�

α=1

�
Q

†
αQα + QαQ

†
α

�
(31)

• If for a physical state the energy is zero, this is the ground state.

• Supersymmetry is broken if the vacuum energy is non-zero !
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Couplings

P (A) =
mij

2
AiAj +

λijk

6
AiAjAk

Couplings
• The Yukawa couplings between scalar and fermion fields,

1
2

∂2P (A)
∂Ai∂Aj

ψiψj + h.c. (32)

are governed by the same couplings as the scalar interactions coming
from �

∂P (A)
∂Ai

�2

(33)

• Similarly, the gaugino-scalar-fermion interactions, coming from

− i
√

2gA∗
i Taψiλ

a + h.c. (34)

are governed by the gauge couplings.

• No new couplings ! Same couplings are obtained by replacing
particles by their superpartners and changing the spinorial structure.
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Recall the scalar part of the superpotential    

•

→ λijk ψi ψj Ak

The Feynman rules for our interacting chiral supermultiplets are:

Propagators:

−i
p2+M2

−ip·σ
p2+M2

−iMij

p2+M2

−iMij

p2+M2

Both scalars and fermions have squared mass matrixMikMkj .
√

Yukawa interactions:
j k

i

−iyijk

j k

i

−iyijk

Scalar interactions:
j k

i

−iM inynjk

j k

i

−iMinynjk

i j

k !

−iyijnyk"n

The superpotential parametersM ij , yijk determine all non-gauge interactions.
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√
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k !
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The superpotential parametersM ij , yijk determine all non-gauge interactions.

45

The superpotential parameters determine all non-gauge interactions 

→ m∗
mlλmjk A∗

i AjAk and λmjk λ∗milAjAkA∗
i A

∗
l

also mik* mkj Ai*Aj 
(mass term)

if <A> non zero
(mass terms)

also mij  Ψi Ψj (mass term)
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Couplings
• The Yukawa couplings between scalar and fermion fields,

1
2

∂2P (A)
∂Ai∂Aj

ψiψj + h.c. (32)

are governed by the same couplings as the scalar interactions coming
from �

∂P (A)
∂Ai

�2

(33)

• Similarly, the gaugino-scalar-fermion interactions, coming from

− i
√

2gA∗
i Taψiλ

a + h.c. (34)

are governed by the gauge couplings.

• No new couplings ! Same couplings are obtained by replacing
particles by their superpartners and changing the spinorial structure.
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•   Similarly, the gaugino-scalar fermion interactions coming from

   are governed by the gauge couplings

   No new Couplings!  
same couplings are obtained by replacing particles by their superpartners

 and changing the spinorial structure

Masses

   The superpotential parameters determine  the matter field masses
and give equal masses to fermions and scalars when the Higgs acquires a v.e.v     

m2
f = m2

s = λ2
ffh v2
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Structure of Supersymmetric Theories
Structure of Supersymmetric Gauge Theories

• The Standard Model is based on a Gauge Theory.

• A supersymmetric extension of the Standard Model has then to

follow the rules of Supersymmetric Gauge Theories.

• These theories are based on two set of fields:

– Chiral fields, that contain left handed components of the fermion

fields and their superpartners.

– Vector fields, containing the vector gauge bosons and their

superpartners.

• Right-handed fermions are contained on chiral fields by means of

their charge conjugate representation

(ψR)
C

=
�
ψC

�
L

(4)

• Higgs fields are described by chiral fields, with fermion superpartners
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with ψC = iγ2ψ∗(ψR)
C = −iγ2PRψ

∗

PL(ψR)
C = (ψR)

C

Properties of supersymmetric theories

• To each complex scalar Ai (two degrees of freedom) there is a Weyl
fermion ψi (two degrees of freedom)

• To each gague boson V a
µ , there is a gauge fermion (gaugino) λa.

• The mass eigenvalues of fermions and bosons are the same !

• Theory has only logarithmic divergences in the ultraviolet associated
with wave-function and gauge-coupling constant renormalizations.

• Couplings in superpotential P [Φ] have no counterterms associated
with them.

• The equality of fermion and boson couplings are essential for the
cancellation of all quadratic divergences, at all oders in perturbation
theory.
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γ2 =
�

0 σ2

σ2 0

�

-
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Types of supermultiplets

Chiral (or “Scalar” or “Matter” or “Wess-Zumino”) supermultiplet:

1 two-component Weyl fermion, helicity± 1
2 . (nF = 2)

2 real spin-0 scalars = 1 complex scalar. (nB = 2)

The Standard Model quarks, leptons and Higgs bosons must fit into these.

Gauge (or “Vector”) supermultiplet:

1 two-component Weyl fermion gaugino, helicity± 1
2 . (nF = 2)

1 real spin-1 massless gauge vector boson. (nB = 2)

The Standard Model γ, Z, W±, g must fit into these.

Gravitational supermultiplet:

1 two-component Weyl fermion gravitino, helicity± 3
2 . (nF = 2)

1 real spin-2 massless graviton. (nB = 2)

18
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Supersymmetric Extension of the Standard Model

• Apart from the superpotential P [Φ], all other properties are directly
determined by the gauge interactions of the theory.

• To construct the superpotential, one should remember that chiral
fields contain only left-handed fields, and right-handed fields should
be represented by their charge conjugates.

• SM right-handed fields are singlet under SU(2). Their complex
conjugates have opposite hypercharge to the standard one.

• There is one chiral superfield for each chiral fermion of the Standard
Model.

• In total, there are 15 chiral fields per generation, including the six
left-handed quarks, the six right-handed quarks, the two left-handed
leptons and the right-handed charged leptons.
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The SUSY extension of the Standard Model (MSSM)

(this means by left handed fields as well)
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Chiral supermultiplets of the Minimal Supersymmetric Standard Model (MSSM):

Names spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q (euL
edL) (uL dL) ( 3, 2 , 1

6
)

(×3 families) ū eu∗
R u†

R ( 3, 1, − 2
3
)

d̄ ed∗
R d†

R ( 3, 1, 1
3
)

sleptons, leptons L (eν eeL) (ν eL) ( 1, 2 , − 1
2
)

(×3 families) ē ee∗R e†R ( 1, 1, 1)

Higgs, higgsinos Hu (H+
u H0

u) ( eH+
u

eH0
u) ( 1, 2 , + 1

2
)

Hd (H0
d H−

d ) ( eH0
d

eH−
d ) ( 1, 2 , − 1

2
)

The superpartners of the Standard Model particles are written with a .̃ The

scalar names are obtained by putting an “s” in front, so they are generically called

squarks and sleptons, short for “scalar quark” and “scalar lepton”.

The Standard Model Higgs boson requires two different chiral supermultiplets,Hu and

Hd. The fermionic partners of the Higgs scalar fields are called higgsinos. There

are two charged and two neutral Weyl fermion higgsino degrees of freedom.

20

(uC)L

(dC)L

(eC)L

U

D

E

The Minimal Supersymmetric Standard Model

Chiral Supermultiplets

The superpartners of the SM particles are written with a ~
Scalar Superpartners are generically called squarks and sleptons

short for scalar quarks and scalar leptons

R

R

R

φeL = ẽL +
√
2θψe

L + θ2FeL φeR = ẽ∗R +
√
2θ((ψe

R)
C)L + θ2F ∗

eR
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Gauge Supermultiplets
The vector bosons of the Standard Model live in gauge supermultiplets:

Names spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluino, gluon eg g ( 8, 1 , 0)

winos, W bosons fW± fW 0 W± W 0 ( 1, 3 , 0)

bino, B boson eB0 B0 ( 1, 1 , 0)

The spin-1/2 gauginos transform as the adjoint representation of the gauge

group. Each gaugino carries a .̃ The color-octet superpartner of the gluon is

called the gluino. The SU(2)L gauginos are called winos, and the U(1)Y

gaugino is called the bino.

However, the winos and the bino are not mass eigenstate particles; they mix with

each other and with the higgsinos of the same charge.

22
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22

The winos and bino are not mass eigenstates, they mix with each other and 
with the Higgs superpartners, called higgsinos, of the same charge
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The Higgs problem

• Problem: What to do with the Higgs field ?

• In the Standard Model masses for the up and down (and lepton)

fields are obtained with Yukawa couplings involving H and H
†

respectively.

• Impossible to recover this from the Yukawas derived from P [Φ], since

no dependence on Φ̄ is admitted.

• Another problem: In the SM all anomalies cancel,

�

quarks

Yi = 0;

�

left

Yi = 0;

�

i

Y
3
i = 0;

�

i

Yi = 0 (38)

• In all these sums, whenever a right-handed field appear, its charge

conjugate is considered.

• A Higgsino doublet spoils anomaly cancellation !

Lectures on Supersymmetry Carlos E.M. Wagner, Argonne and EFI

The Higgs Sector
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Why do we need two Higgs supermultiplets? Two reasons:

1) Anomaly Cancellation

f eHu
eHd

X

SM fermions

Y 3
f = 0 + 2

„
1
2

«3

+ 2

„
−1

2

«3

= 0

This anomaly cancellation occurs if and only if both H̃u and H̃d higgsinos are

present. Otherwise, the electroweak gauge symmetry would not be allowed!

2) Quark and Lepton masses

Only theHu Higgs scalar can give masses to charge+2/3 quarks (top).

Only theHd Higgs scalar can give masses to charge−1/3 quarks (bottom) and

the charged leptons. We will show this later.

21

Solution: two Higgs Supermultiplets with opposite hypercharges
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Higgs Fields

• Two Higgs fields with opposite hypercharge.

(S = 0) (S = 1/2)

H1 H̃1 (1,2,-1/2)

H2 H̃2 (1,2,1/2)

• Both Higgs fields acquire v.e.v. New parameter, tanβ = v2/v1.

• It is important to observe that the quantum numbers of H1 are

exactly the same as the ones of the lepton superfield L.

• This means that one can extend the superpotential P [Φ] to contain

terms that replace H1 by L.
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The Higgs Sector: two Higgs fields with opposite hypercharges

Both Higgs fields contribute to the superpotential and give masses 
to up and down/lepton sectors, respectively

P [φ] = huQUH2 + hdQDH1 + hlLEH1

Interesting to observe:  
The quantum numbers of H1 are the same as those of the lepton superfield L.

One can add terms in the superpotential replacing H1 by L  

With two Higgs doublets,  a mass term may be written δP [φ] = µH1H2
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R u†

R ( 3, 1, − 2
3
)

d̄ ed∗
R d†

R ( 3, 1, 1
3
)

sleptons, leptons L (eν eeL) (ν eL) ( 1, 2 , − 1
2
)
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20

H1 ≡ Hd

H2 ≡ Hu

2 Higgs doublets necessary to give mass to both up and down quarks and 
leptons in a gauge/SUSY invariant way

2 Higgsino doublets necessary for anomaly cancellation
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P [Φ]new →

Dangerous Baryon and Lepton Number Violating Interactions 

P [Φ]new →

Baryon and Lepton Number Violation

• General superpotential contains, apart from the Yukawa couplings of
the Higgs to lepton and quark fields, new couplings:

P [Φ]new = λ� LQD + λ LLE + λ�� UDD (41)

• Assigning every lepton chiral (antichiral) superfield lepton number 1
(-1) and every quark chiral (antichiral) superfield baryon number 1/3
(-1/3) one obtains :

– Interactions in P [Φ] conserve baryon and lepton number.

– Interactions in P [Φ]new violate either baryon or lepton number.

• One of the most dangerous consequences of these new interaction is
to induce proton decay, unless couplings are very small and/or
sfermions are very heavy.
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Actually, the most general possible superpotential would also include:

W∆L=1 = 1
2λijkLiLj ēk + λ′

ijkLiQj d̄k + µ′
iLiHu

W∆B=1 = 1
2λ′′

ijkūid̄j d̄k

These violate lepton number (∆L = 1) or baryon number (∆B = 1).

If both types of couplings were present,

and of order 1, then the proton would

decay in a tiny fraction of a second

through diagrams like this:
uR

uR

dR s̃∗
R

p+

{

}
π+

νe

uR

d∗
L

ν∗
e

λ′′∗
112 λ′

112

Many other proton decay modes, and other experimental limits onB and L

violation, give strong constraints on these terms in the superpotential.

One cannot simply requireB and L conservation, since they are already known

to be violated by non-perturbative electroweak effects. Instead, in the MSSM, one

postulates a new discrete symmetry called Matter Parity, also known as R-parity.
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P
P UiDjDk

Ek Dk
P [Φ]new →

Baryon and Lepton Number Violation

• General superpotential contains, apart from the Yukawa couplings of
the Higgs to lepton and quark fields, new couplings:

P [Φ]new = λ� LQD + λ LLE + λ�� UDD (41)

• Assigning every lepton chiral (antichiral) superfield lepton number 1
(-1) and every quark chiral (antichiral) superfield baryon number 1/3
(-1/3) one obtains :

– Interactions in P [Φ] conserve baryon and lepton number.

– Interactions in P [Φ]new violate either baryon or lepton number.

• One of the most dangerous consequences of these new interaction is
to induce proton decay, unless couplings are very small and/or
sfermions are very heavy.

Lectures on Supersymmetry Carlos E.M. Wagner, Argonne and EFI

Actually, the most general possible superpotential would also include:

W∆L=1 = 1
2λijkLiLj ēk + λ′

ijkLiQj d̄k + µ′
iLiHu

W∆B=1 = 1
2λ′′

ijkūid̄j d̄k

These violate lepton number (∆L = 1) or baryon number (∆B = 1).

If both types of couplings were present,

and of order 1, then the proton would

decay in a tiny fraction of a second

through diagrams like this:
uR
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{
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e
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Many other proton decay modes, and other experimental limits onB and L

violation, give strong constraints on these terms in the superpotential.

One cannot simply requireB and L conservation, since they are already known

to be violated by non-perturbative electroweak effects. Instead, in the MSSM, one

postulates a new discrete symmetry called Matter Parity, also known as R-parity.
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Proton Decay
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One cannot require B and L conservation since they are already known to be 
violated at the quantum number in the SM.  

Instead, one postulates a new discrete symmetry called R-parity. 

PR = (−1)3(B−L)+2S

   All SM particles have
    All Supersymmetric partners have PR = −1

PR = 1
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• All  Yukawa couplings induced by                are forbidden       
(have an odd number of SUSY particles)

• The Lightest SUSY Particle (LSP) must be absolutely stable

•  In collider experiments SUSY particles can only be produced in 
even numbers (usually in pairs)

• Each sparticle eventually decays into a state that contains an LSP    
==> Missing Energy Signal at colliders

Important Consequences of R-Parity Conservation
Since SUSY partners are R-parity odd  (have              )PR = −1

every interaction vertex must contain an even number of SUSY particles

P (Φ)new

If electrically neutral, interacts only weakly with ordinary matter                
LSP is a good Dark Matter candidate 
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Supersymmetry Breaking

• No supersymmetric particle have been seen: Supersymmetry is
broken in nature

• Unless a specific mechanism of supersymmetry breaking is known, no
information on the spectrum can be obtained.

• Cancellation of quadratic divergences:

– Relies on equality of couplings and not on equality of the masses
of particle and superpartners.

• Soft Supersymmetry Breaking: Give different masses to SM particles
and their superpartners but preserves the structure of couplings of
the theory.

15

Supersymmetry Breaking

If SUSY were an exact symmetry, 
the SM particles and their 

superpartners would have the 
exactly same masses

Recall that if supersymmetry were an exact symmetry, then superpartners would

have to be exactly degenerate with each other. For example,

mẽL
= mẽR

= me = 0.511 GeV

mũL
= mũR

= mu

mg̃ = mgluon = 0 + QCD-scale effects

etc.

But new particles with these properties have been ruled out long ago, so:

Supersymmetry must be broken in the vacuum state chosen by Nature.

Supersymmetry is thought to be spontaneously broken and therefore hidden, the

same way that the electroweak symmetry is hidden from very low-energy

experiments.

23

MeV
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The scale of SUSY breaking must be of order 1 TeV, if SUSY is
associated with the scale of electroweak symmetry breaking

Self energy of an elementary scalar related by SUSY to the self energy of

a fermion              only log dependence on fundamental high energy scale!

SUSY must be broken

in nature: no SUSY partner,

degenerate in mass with its

SM particle has been seen

The scale of SUSY breakdown must be of order 1 TeV, if SUSY is

    associated  with scale of electroweak symmetry breakdown

For every fermion there is a boson of equal mass and couplings 

Cancellation of quadratic divergences in Higgs mass quantum corrections has to do

with SUSY relation between couplings and bosonic and fermionic degrees of freedom

In low energy SUSY:  quadratic sensitivity to              replaced by quadratic 

sensitivity to SUSY breaking scale

!µ2
" g

hf f

2
[mf

2
# m

f
~

2
]ln($eff

2
/ mh

2
)

!eff

hh
h2

f h2
f

x x

SUSY must be broken in nature

not with the exact equality of 
fermion and scalar masses

Back to SUSY corrections to the Higgs mass parameter:

The breakdown of SUSY must be “SOFT”
this means it does not change the dimensionless terms in the lagrangian
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If SUSY is realized in nature, why have we seen none of the SUSY 
particles while we have already seen all the SM particles?

Standard Model quark, leptons and gauge boson masses are protected by 
chiral and gauge symmetries 
==> they acquire mass through EWSB, hence their masses are at most of 
order v~ 175 GeV  

SUSY particles can acquire gauge invariant masses, same as SM Higgs
==> this explains why it is possible that we have not seen SUSY particles 
at high energy colliders yet 

One can probe that after adding
Gaugino masses, Squark and Slepton squared mass terms, and trilinear and 
bilinear terms proportional to the scalar parts of the superpotential,  
the cancellation of quadratic divergences is not spoiled
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The Soft SUSY-breaking Lagrangian for the MSSM 

ai =A i hi are trilinear terms proportional to the Yukawa couplings 
(complex 3x3 matrices in family space)

 induce L-R mixing in the sfermion sector once the Higgs acquire v.e.v.
(mixing proportional to fermion masses: relevant for 3rd generation) 

B         SUSY breaking parameter to be determined from condition of proper EWSB

Most of what we do not really know about SUSY is expressed by the question: 
“How is SUSY broken?”

−m2
QQ̃†Q̃−m2

U Ũ†Ũ −m2
DD̃†D̃ −m2

LL̃†L̃−m2
EẼ†Ẽ

Lsoft = −1
2
(M3g̃g̃ + M2W̃W̃ + M1B̃B̃)

−m
2
H1

H
∗
1H1 −m

2
H2

H
∗
2H2 − (µBH1H2 + cc.)

−(AuhuŨQ̃H2 + AdhdD̃Q̃H1 + AlhlẼL̃H1) + c.c.

MSSM:105 new parameters not present in the SM

Mi  for i=1,2,3 are the gluino, 
wino and bino mass terms

m2
Q,m

2
U ,m

2
D,m2

L,m
2
E , are 3x3 complex hermitian matrices in family space
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The MSSM soft SUSY-breaking terms arise indirectly or radiatively, not from

tree-level renormalizable couplings directly to the SUSY-breaking sector.

(Hidden sector)
(Visible sector)

Supersymmetry

breaking origin
     MSSMFlavor-blind

interactions

Spontaneous SUSY breaking occurs in a “hidden sector” of particles with no

(or tiny) direct couplings to the “visible sector” chiral supermultiplets of the MSSM.

However, the two sectors do share some mediating interactions that transmit

SUSY-breaking effects indirectly. As a bonus, if the mediating interactions are

flavor-blind, then the soft SUSY-breaking terms of the MSSM will be also.

There are two obvious guesses for the flavor-blind interactions: gravitational and

the ordinary gauge interactions.

101

Understanding the origins of Spontaneous SUSY breaking:
Soft SUSY breaking terms arise indirectly,

not through treel level, renormalizable couplings to the SUSY breaking sector

Spontaneous SUSY breaking occurs in a Hidden sector of particles, 
with none or tiny direct couplings to the MSSM particles, 

when some components of the hidden sector acquire a vev                  . < F >�= 0

 One can think of Messengers mediating some interactions that transmit

SUSY breaking effects indirectly from the hidden sector to the MSSM

  If the mediating interactions are flavor blind ( gravity/ordinary gauge interactions),  the 

MSSM soft SUSY breaking terms will also be flavor independent (favored experimentally)

Many alternatives: Gravity-type; Gauge; Extra Dimensional mediated, ...
          different boundary conditions at an specific SUSY breaking scale⇒
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Gaugino/Higgsino Mixing

• Just like the gauge boson mixes with the Goldstone modes of the

theory after spontaneous breakdown of the gauge symmetry,

gauginos mix with the Higgsinos.

• Mixing comes from the interaction
√

2gA
∗
i Taψiλ

a
, when one takes

Ai ≡ Hi, and λ
a ≡ W̃

a
, B̃, and ψi = H̃i.

• Charged Winos, W̃1 ± iW̃2, mix with the charged components of the

Higgsinos H̃1,2. The mass eigenstates are called charginos χ̃
±

.

• Neutral Winos and Binos, B̃, W̃3 mix with the neutral components of

the Higgsinos. The mass eigenstates are called neutralinos, χ̃
0
.

• Charginos form two Dirac massive fields. Neutralinos give four

massive Majorana states.

24

Gaugino/Higgsino Mixing

  of equal charge
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Charginos
Consider the chargino Lagrangian in terms of  Weyl spinors, in the 

Wino- Higgsino basis, with  W̃± =
�
W̃ 1 ± iW̃ 2

�
/
√

2

M2       is the soft SUSY breaking gaugino mass term,     is the Higgsino mass 
parameter which comes from the superpotential, and the off diagonal
 terms come from the gaugino-Higgs Higgsino mixing and are always < MZ

µ

Chargino Mass Matrix is diagonalized by two unitary matrices V, U such 

that:

The chargino mass eigenstates are: χ̃+
i = Uijψ

+
j χ̃−i = Vijψ

−
j

Defining: ψ
+
j → (W̃+

, H̃
+
2 ) and ψ

−
j → (W̃−

, H̃
−
1 )

Lcharginos = −(W̃−
H̃
−
1 )

�
M2 g2v2

g2v1 µ

� �
W̃

+

H̃
+
2

�
+ h.c.

MDiag
χ̃± = V ∗Mχ̃±U -1
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Chargino Mass matrix
Lets take, for instance, the chargino mass matrix in the basis of Winos

and Higgsinos, (W̃
+
, H̃

+
2 ) and (W̃

−
, H̃

−
1 ), with W̃

±
= W̃

1 ± iW̃
2
. The

mixing term is proportional to the weak coupling and the Higgs v.e.v.’s

Mχ̃± =



 M2 g2v2

g2v1 µ



 (20)

Here, M2 is the soft breaking mass term of the Winos and µ is the

Higgsino mass parameter.

• The eigenstates are two Dirac, charged fermions (charginos).

• If µ is large, the lightest chargino is a Wino, with mass M2, and its

interactions to fermion and sfermions are governed by gauge

couplings.

• If M2 is large, the lightest chargino is a Higgsino, with mass µ, and

the interactions are governed by Yukawa couplings.

25

The chargino mixing matrices are chosen so that

U∗XV−1 =

(
m eC1

0

0 m eC2

)
,

with positive real entriesm eCi
. In this case, one can solve for the tree-level mass2

eigenvalues in simple closed form:

m2
eC1

, m2
eC2

=
1

2

[
|M2|2 + |µ|2 + 2m2

W

∓
√

(|M2|2 + |µ|2 + 2m2
W )2 − 4|µM2 − m2

W sin 2β|2
]
.

In many models of SUSY breaking, one finds thatM2 # |µ|, so the lighter
chargino is mostly wino with mass close toM2, and the heavier is mostly

higgsino with mass close to |µ|.

73

One can always write two mass eigenstates, Dirac, charged fermions: 

m2
χ̃±1,2

=

ψDirac
χ̃±
1

=

�
χ̃+
1

(χ̃−
1 )

C

�

with masses:

ψDirac
χ̃±
2

=

�
χ̃+
2

(χ̃−
2 )

C

�
(χ̃−

1 )
C
i = i�ijχ̃

+
1j
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Neutralinos
Consider the neutralino Lagrangian in terms of  Weyl spinors, in 

the Bino-Wino-neutral Higgsino basis, with  

Neutralino Mass Matrix diagonalized by a unitary matrix Z 

The neutralino mass eigenstates are:

Lneutralinos = −1
2
(ψ0)T Mχ̃0ψ0 + h.c.

Mχ̃0 =





M1 0 −g1v1/
√

2 g1v2/
√

2
0 M2 g2v1/

√
2 −g2v2/

√
2

−g1v1/
√

2 g2v1/
√

2 0 −µ
g1v2/

√
2 −g2v2/

√
2 −µ 0





→MDiag
χ̃0 = Z∗Mχ̃0Z−1

χ̃0
i = Zijψ0

j

Defining: ψ
0
j → (iB̃0

, iW̃
0
, H̃

0
1 , H̃

0
2 )

They form 4 Majorana mass eigenstates: ψM
χ̃0
i
=

�
χ̃0
i

(χ̃0
i )

∗

�
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Neutralino Spectrum

Neutralino Mass Matrix
Similarly, for neutralinos in the basis of Binos, Winos and Higgsinos

Mχ̃0 =





M1 0 −g1v1/
√

2 g1v2/
√

2

0 M2 g2v1/
√

2 −g2v2/
√

2

−g1v1/
√

2 g2v1/
√

2 0 −µ

g1v2/
√

2 −g2v2/
√

2 −µ 0




(21)

• The eigenstates are four Majorana particles.

• If the theory proceeds from a GUT, there is a relation between M2

and M1, M2 � α2(MZ)/α1(MZ)M1 � 2M1.

• So, if µ is large, the lightest neutralino is a Bino (superpartner of the

hypercharge gauge boson) and its interactions are governed by g1.

• This tends to be a good dark matter candidate.

26

• Most suitable candidates beyond the Standard Model:

 ==> Weakly interacting particles (WIMPS) with masses and
   interaction cross sections of order of the electroweak scale

SUSY with R-parity discrete symmetry conservedSUSY with R-parity discrete symmetry conserved

==> naturally provides a neutral stable DM candidate: LSP ==>==> naturally provides a neutral stable DM candidate: LSP ==>

 

R
P

= (!1)
3B +L+2S

 

˜ ! 
0

What is Dark Matter?

 one of the fundamental open questions

==> demands new physics

0.089 <!
CDM

h
2
< 0.131   WMAP at 3 "

t
~

0~!

t
w

b t
~

0~!

+!~

w

b

!   Provides a good Dark Matter candidate
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Gluinos
The Gluino

The gluino is an SU(3)C color octet fermion, so it does not have the right

quantum numbers to mix with any other state. Therefore, at tree-level, its mass is

the same as the corresponding parameter in the soft SUSY-breaking Lagrangian:

Mg̃ = M3

However, the quantum corrections to this are quite large (again, because this is a

color octet!). If one calculates the one-loop pole mass of the gluino, one finds:

Mg̃ = M3(Q)
(
1 +

αs

4π

[
15 + 6 ln(Q/M3) +

∑
Aq̃

])

whereQ is the renormalization scale, the sum is over all 12 squark multiplets, and

Aq̃ =

∫ 1

0
dx x ln

[
xm2

eq/M
2
3 + (1 − x)m2

q/M
2
3 − x(1 − x) − iε

]
.

This correction can be of order 5% to 25%, depending on the squark masses!

It tends to increase the gluino mass, compared to the tree-level prediction.

75
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Squarks and Sleptons

To treat these in complete generality, we would have to take into account arbitrary

mixing. So the mass eigenstates would be obtained by diagonalizing:

• a 6 × 6 (mass)2 matrix for up-type squarks (ũL, c̃L, t̃L, ũR, c̃R, t̃R),

• a 6 × 6 (mass)2 matrix for down-type squarks (d̃L, s̃L, b̃L, d̃R, s̃R, b̃R),

• a 6 × 6 (mass)2 matrix for charged sleptons (ẽL, µ̃L, τ̃L, ẽR, µ̃R, τ̃R),

• a 3 × 3 matrix for sneutrinos (ν̃e, ν̃µ, ν̃τ )

Fortunately, the general hypothesis of flavor-blind soft parameters predicts that

most of these mixing angles are very small.

The first- and second-family squarks and sleptons have negligible Yukawa

couplings, so they end up in 7 very nearly degenerate, unmixed pairs (ẽR, µ̃R),

(ν̃e, ν̃µ), (ẽL, µ̃L), (ũR, c̃R), (d̃R, s̃R), (ũL, c̃L), (d̃L, s̃L).

76

Squarks and Leptons

If we assume that soft SUSY breaking parameters are flavor blind:
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Stop  Sector  
                Mixing effects relevant due to large Yukawa coupling
     lightest mass eigenstate    may be the lightest visible sparticle

t̃L, t̃R
t̃1

M2
t̃ =

�
m2

Q3
+ m2

t + Dt̃L
mt(At − µ/ tanβ)

mt(At − µ/ tanβ) m2
U3

+ m2
t + Dt̃R

�
≡

�
m2

t̃L
m2

t̃LR

m2
t̃LR

m2
t̃R

�

t̃1 = cos θt̃t̃L + sin θt̃t̃R

t̃2 = − sin θt̃t̃L + cos θt̃t̃R

The mass eigenstates are given by

With masses: 

tan 2θt̃ =
2m2

t̃LR

m2
t̃L
−m2

t̃R

m2
t̃1,2

=
m2

t̃L
+ m2

t̃R

2
±

����
�

m2
t̃L
−m2

t̃R

2

�2

+ |m2
t̃2LR

|2

Only for the 3rd generation the Left-Right mixing effects are relevant 
since they are proportional to the quark masses

In the Sbottom/Stau sectors, the mixing is proportional to:
                     and becomes relevant for large tanβmb.τ (Ab,τ − µ tanβ)
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The undiscovered particles in the MSSM:

Names Spin PR Mass Eigenstates Gauge Eigenstates

Higgs bosons 0 +1 h0 H0 A0 H± H0
u H0

d H+
u H−

d

ũL ũR d̃L d̃R “ ”

squarks 0 −1 s̃L s̃R c̃L c̃R “ ”

t̃1 t̃2 b̃1 b̃2 t̃L t̃R b̃L b̃R

ẽL ẽR ν̃e “ ”

sleptons 0 −1 µ̃L µ̃R ν̃µ “ ”

τ̃1 τ̃2 ν̃τ τ̃L τ̃R ν̃τ

neutralinos 1/2 −1 Ñ1 Ñ2 Ñ3 Ñ4 B̃0 W̃ 0 H̃0
u H̃0

d

charginos 1/2 −1 C̃±
1 C̃±

2 W̃± H̃+
u H̃−

d

gluino 1/2 −1 g̃ “ ”

80

The SUSY Particles of the MSSM

The specific pattern of SUSY sparticle masses depend on the SUSY 
breaking scenario. The crucial question is how much can we learn about 

it from collider and astroparticle physics experiments
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• Minimal Higgs Sector: Two Higgs doublets

• One Higgs doublet couples to up quarks, the other to down quarks/leptons 

only:           Higgs interactions flavor diagonal if SUSY preserved

                                            

• Quartic Higgs couplings determined by SUSY as a function of the 

    gauge couplings

       -- lightest (SM-like) Higgs strongly correlated to Z mass  (naturally light!)

        -- other Higgs bosons can be as heavy as the SUSY breaking scale

• Important quantum corrections to the lightest Higgs mass due to 

incomplete cancellation of top and stop contributions in the loops

     -- also contributions from sbottoms and staus for large tan beta --

What about the Higgs in Supersymmetry?
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V [Hi] =
����
∂P

∂Hi

����
2

+
1
2

�

a

�
H

∗
i T

a
ijHj

�2 + Vsoft

The Higgs Scalar potential derived from:

where m2
i

= m2
Hi

+ |µ|2 and m2
12 ≡ m2

3 = µB

Soft SUSY breaking terms

With:

and tanβ = v2
v1

Higgs Potential

• After supersymmetry breaking effects are considered, the Higgs

potential reads

V (H1,H2) = m
2
1H

†
1H1 + m

2
2H

†
2H2 + m

2
3(H

T
1 iτ2H2 + h.c.) +

λ1

2

�
H

†
1H1

�2
+

λ2

2

�
H

†
2H2

�2
+ λ3

�
H

†
1H1

� �
H

†
2H2

�
+ λ4

���HT
1 iτ2H2

���2

where

λ1 = λ2 =
g
2
1 + g

2
2

4
, λ3 =

g
2
2 − g

2
1

4
, λ4 = −g

2
2

2
(12)

• This effective potential is valid at the scale of the SUSY particle

masses.

• The value of the effective potential at low energies may be obtained

by evolving the quartic couplings with their renormalization group

equations.

17

Vsoft includes the soft SUSY breaking effects. 

H1 =
�

v1 + (H0
1 + iA1)/

√
2

H
−
1

�
H2 =

�
H

+
2

v2 + (H0
2 + iA2)/

√
2

�

Q= T3+Y/2  hence

Y(H1) = -1;     Y(H2) = 1
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At tree level:

Quartic couplings given as a function of gauge couplings

Higgs Potential

• After supersymmetry breaking effects are considered, the Higgs

potential reads

V (H1,H2) = m
2
1H

†
1H1 + m

2
2H

†
2H2 + m

2
3(H

T
1 iτ2H2 + h.c.) +

λ1

2

�
H

†
1H1

�2
+

λ2

2

�
H

†
2H2

�2
+ λ3

�
H

†
1H1

� �
H

†
2H2

�
+ λ4

���HT
1 iτ2H2

���2

where

λ1 = λ2 =
g
2
1 + g

2
2

4
, λ3 =

g
2
2 − g

2
1

4
, λ4 = −g

2
2

2
(12)

• This effective potential is valid at the scale of the SUSY particle

masses.

• The value of the effective potential at low energies may be obtained

by evolving the quartic couplings with their renormalization group

equations.

17

The above effective potential is valid at the scale of the SUSY particle masses

At low energies the quartic couplings evolve with their Renormalization 
Group (RG) equations

Wednesday, April 10, 2013



Neutral Higgs potential

Using the minimization conditions ∂V/∂H
0
i
|<H

0
i >=vi

= 0

sin 2β =
2m2

3

m2
1 + m2

2
tan2 β =

v2
2

v2
1

=
m2

1 + M2
Z/2

m2
2 + M2

Z/2

Analyzing first the neutral part of  V[Hi] 

+
g
2
1 + g

2
2

8
�
|H0

2 |2 − |H0
1 |2

�2

Expanding  V[H0i] in terms of H
0
i = vi + (H0

i + iAi)/
√

2 i = 1, 2

One can obtained the scalar and pseudoscalar mass matrices  ==> 

V [H0
1 ,H

0
2 ] = m

2
1|H0

1 |2 + m
2
2|H0

2 |2 −m
2
3

�
H

0
1H

0
2 + H

0∗

1 H
0∗

2

�
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Tree Level Mass Predictions

V [Ai]→ (A1 A2)

�
m2

1 + M2
Z

2 cos 2β m2
3

m2
3 m2

1 −
M2

Z
2 cos 2β

� �
A1

A2

�

Using the minimization conditions

⇒ detM2
A = 0 Tr[M2

A] = m2
1 + m2

2

A = cos βA2 + sinβA1

CP-odd neutral Higgs Sector: 

One Goldstone boson with zero mass (eaten by Z boson)
                                            
One physical state: 

m2
A

= m2
1 + m2

2 = m2
H1

+ m2
H2

+ 2µ2

Soft SUSY breaking 
Higgs mass parameters
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CP-even neutral Higgs Sector: 

m2
h,H

=
m2

A
+ M2

Z

2
±

�
(m2

A
+ M2

Z
)2 − 4M2

Z
m2

A
cos2 2β

2

Charged Higgs Sector:   (Similar to CP-odd Higgs sector)

One Goldstone boson with zero mass
                                      
One physical state: H

± = cos βH
±
2 + sinβH

±
1

h = cos αH
0
2 − sinαH

0
1

H = sinαH
0
2 + cos αH

0
1

Two physical states: 

V [H0
i ]→

�
H

0
1 H

0
2

� �
M

2
Z cos2 β + m

2
A sin2

β −(M2
Z + m

2
A) cos β sinβ

−(M2
Z + m

2
A) cos β sinβ M

2
Z sin2

β + m
2
A cos2 β

��
H

0
1

H
0
2

�

⇒ detM2
H± = 0

Tr[M2

H± ] = m2

A
+ m2

W
= m2

H±

All tree-level masses given as a function of                   and gauge couplingstanβ, mA
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The decoupling limit for the Higgs bosons

IfmA0 ! mZ , then:

• h0 has the same couplings as would a Standard Model Higgs boson of the

same mass

• α ≈ β − π/2

• A0, H0, H± form an isospin doublet, and are much heavier than h0

Mass

h0

A0, H0

H±
Isospin doublet Higgs bosons

SM-like Higgs boson

Many models of SUSY breaking approximate this decoupling limit.

67

m2
h = M2

Z cos2 2β
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At tree level:  Higgs interactions are flavor diagonal 
MSSM Higgs Couplings to gauge bosons and fermions

• Quantum corrections affect the couplings relevantly, yielding tanb enhanced 

  Flavour Changing effects !

( tanb enhanced)

m
H

±
> 78.6GeV

m
h
> 91.0 GeV;       m

A,H
> 91.9 GeV;

LEP MSSM  HIGGS limits:

m
h

SM! like
> 114.6GeV

95%C.L. limits

 Normalized

 to SM values

H
!
tb " m

t
cot#P

R
+ m

b
tan#P

L[ ]Vtb H
!" +#" $ m" tan%PL

MSSM Higgs couplings to gauge bosons and fermions

MSSM Higgs Couplings to gauge bosons and fermions

• Quantum corrections affect the couplings relevantly, yielding tanb enhanced 

  Flavour Changing effects !

( tanb enhanced)

m
H

±
> 78.6GeV

m
h
> 91.0 GeV;       m

A,H
> 91.9 GeV;

LEP MSSM  HIGGS limits:

m
h

SM! like
> 114.6GeV

95%C.L. limits

 Normalized

 to SM values

H
!
tb " m

t
cot#P

R
+ m

b
tan#P

L[ ]Vtb H
!" +#" $ m" tan%PL

Normalized to
 SM couplings

H2 couples to uū and H1 couples to dd̄ and leptons
Higgs-Fermion Couplings:

Normalized to
 SM couplings

Higgs-Gauge Boson Couplings coming from (DµHi)
∗Dµ

Hi
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Higgs Spectrum
Higgs Spectrum

• The two Higgs doublets carry eight real scalar degrees of freedom.

• Three of them are the charged and CP-odd Goldstone bosons that

are absorved in the longitudinal components of the W and the Z.

• Five Higgs bosons remain: Two CP-even, one CP-odd, neutral

bosons, and a charged Higgs boson (two degrees of freedom).

• Generically, the electroweak breaking sector (Goldstones and real

Higgs) is contained in the combination of doublets

Φ = cos βH1 + sinβiτ2H
∗
2 , (18)

while the orthogonal combination contains the other Higgs bosons.

Their masses are:

m
2
H
� m

2
A
, m

2
H± � m

2
A

+ M
2
W

(19)

with m
2
A

= m
2
1 + m

2
2. These relations are preserved, in a good

approximation, after loop-effects.

23

such that < φ > = v

while the orthogonal combination contains the other Higgs bosons  
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Quantum Corrections          Evolution of Higgs quartic couplings                       
                                     below the SUSY breaking scale 

Parameters that one measures at low energies (large distances) are not the 
fundamental ones, and they are modified by quantum corrections

Example: consider a charge in the vacuum,  it polarizes the vacuum by
inducing production of virtual particles/antiparticles that screen the charge Scale Dependence of the Gauge couplings

• Electric charge e               polarizes the vacuum

Fundamental charge e is screened at long distances

==> the effective charge depends on how close one is to 

the charge : more energetic photons can go closer to it

               ==> at large energies, the photon sees a larger charge/coupling

• The “bare” parameters of the Lagrangian are not observable.

• The sums of the bare parameters and loop-induced corrections are physical

   and should be finite

Expressing all the fields and bare parameters of the lagrangian in terms of the

renormalized quantities by means of multiplicative rescaling ===> one defines

the renormalization constants Zi to secure the cancellation of divergences.

For QED, for example, the coupling and electron mass become dependent on

the mass scale      andµ

e
bare

= e(µ)µ!" /2
Z
e

!1/2

with Z
e
! 1" e

2
6#

2
$

Scale Dependence of the Gauge couplings

• Electric charge e               polarizes the vacuum

Fundamental charge e is screened at long distances

==> the effective charge depends on how close one is to 

the charge : more energetic photons can go closer to it

               ==> at large energies, the photon sees a larger charge/coupling

• The “bare” parameters of the Lagrangian are not observable.

• The sums of the bare parameters and loop-induced corrections are physical

   and should be finite

Expressing all the fields and bare parameters of the lagrangian in terms of the

renormalized quantities by means of multiplicative rescaling ===> one defines

the renormalization constants Zi to secure the cancellation of divergences.

For QED, for example, the coupling and electron mass become dependent on

the mass scale      andµ

e
bare

= e(µ)µ!" /2
Z
e

!1/2

with Z
e
! 1" e

2
6#

2
$

Same with couplings and masses:  RG  equations allow to relate 
fundamental parameters to those at low energies 
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Large tanβ LimitLarge tan β Limit
• This limit arises when, approximately, only one of the two v.e.v.’s is

different from zero. To keep the top Yukawa coupling small, it should

be v2.

mt = htv2 mb = hbv1 (13)

• If one makes hb large, of the order of ht, tanβ is about 50

• For this limit to happen m
2
3 � 0.

• Then, the doublet H2 contains the Goldstone modes and the

“physical” SM-like Higgs boson, while H1 contains a scalar, a

pseudoscalar and a charged Higgs boson.

• Physical Higgs mass (m
2
2 = −M

2
Z/2)

m
2
h = 2λ2v

2
= M

2
Z (14)

18

Given that mt = htv2 and mb = hbv1

v2 large keeps ht perturbative
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Radiative Corrections to the MSSM Higgs Masses 
Important corrections due to incomplete cancellation of particles and sparticle effects.  

Mainly top & stop loops and sbottom loops for tanb > 10 

Higgs Boson Mass at large values of tan β
• The RG evolution of λ2 is given by

dλ2

dt
� − 3

8π2

�
λ

2
2 + λ2h

2
t − h

4
t

�
(15)

with t = log(M
2
SUSY /Q

2
).

• For large values of tanβ = v2/v1, the Higgs H2 is the only one

associated with electroweak symmetry breaking.

• The Higgs boson mass is approximately given by m
2
h = 2λ2v

2

m
2
h �M

2
Z +

3m
4
t

4π2v2

�
log

�
M

2
SUSY

m
2
t

�
+

A
2
t

M
2
SUSY

�
1− A

2
t

12M
2
SUSY

��

(16)

• The first term comes from the SUSY contribution. The logarithmic

term comes from the RG evolution, while the At dependence comes

from threshold effects at MSUSY .

20
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dλ2

dt
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8π2

�
λ

2
2 + λ2h

2
t − h

4
t

�
(15)
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2
SUSY /Q

2
).

• For large values of tanβ = v2/v1, the Higgs H2 is the only one

associated with electroweak symmetry breaking.

• The Higgs boson mass is approximately given by m
2
h = 2λ2v

2

m
2
h �M

2
Z +

3m
4
t

4π2v2

�
log

�
M

2
SUSY

m
2
t

�
+

A
2
t

M
2
SUSY

�
1− A

2
t

12M
2
SUSY

��

(16)

• The first term comes from the SUSY contribution. The logarithmic

term comes from the RG evolution, while the At dependence comes

from threshold effects at MSUSY .

20

MSUSY ~mQ ~ mU

Higgs Boson Mass at large values of tan β
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• The first term comes from the SUSY contribution. The logarithmic

term comes from the RG evolution, while the At dependence comes
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Higgs Boson Mass at large values of tan β
• The RG evolution of λ2 is given by

dλ2

dt
� − 3

8π2

�
λ

2
2 + λ2h

2
t − h

4
t
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(15)

with t = log(M
2
SUSY /Q

2
).

• For large values of tanβ = v2/v1, the Higgs H2 is the only one

associated with electroweak symmetry breaking.

• The Higgs boson mass is approximately given by m
2
h = 2λ2v

2

m
2
h �M

2
Z +

3m
4
t

4π2v2

�
log

�
M

2
SUSY

m
2
t

�
+

A
2
t

M
2
SUSY

�
1− A

2
t

12M
2
SUSY

��

(16)

• The first term comes from the SUSY contribution. The logarithmic

term comes from the RG evolution, while the At dependence comes

from threshold effects at MSUSY .

20

X2
tX2

t

Log terms from RG evolution and At terms from threshold effects at MSUSY

M2
SUSY → averaged stop squared mass At = Xt − µ/ tanβ → stop mixing parameterXt = At − µ/ tanβ
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H2

H2

H2

H2

ht

ht ht

ht

H2
H2

H2H2

h2
t h2

t

Top and Stop contributions to Higgs quartic couplings

These diagrams provide
 the dominant logarithmic 
contributions below the 

stop mass scale.
If both masses were equal 

the log will vanish

H2

H2

H2

H2

H2

H2

H2

H2

Q,U

U,Q

U,Q

U

U

Q Q

htAt

htAt

htAt

htAt

htAt

htAt

h2
t

U,D,Q

These diagrams provide 
the threshold corrections 

after decoupling of the 
top quarks superpartners

Stop Threshold contributions to Higgs quartic coupling
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Additional effects at large tan beta  
from sbottoms: 

and staus:  

with  

receiving one loop corrections that depend on the sign of  

Dep. on the  sign of  with 

 Both corrections give negative contributions to the Higgs mass 
 hence  smaller values of      and  positive  values of         and          
 enhance the value of the Higgs mass 

Maximal effect: lower mh by several GeV 
! 

µM ˜ g 

! 

µM2

! 

µ
! 

µM2
! 

µM ˜ g 
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! 

mh "130 GeV (for sparticles of ~ 1 TeV)

Xt~2.4 MSUSY

Xt=0

M.C, Haber,ʼ02

Figure 1: The maximal value of the h boson mass as a function of Xt/MS in the pMSSM when

all other soft SUSY–breaking parameters and tanβ are scanned in the range Eq. (4) (left) and the

contours for 123< Mh <127 GeV in the [MS , Xt] plane for some selected range of tanβ values (right).

the theoretical uncertainties in the determination of Mh are included. Hence, only the scenar-
ios with large Xt/MS values and, in particular, those close to the maximal mixing scenario
At/MS ≈

√
6 survive. The no–mixing scenario is ruled out for MS <∼ 3 TeV, while the typical

mixing scenario needs large MS and moderate to large tan β values. We obtain Mmax
h =136,

123 and 126 GeV in, the maximal, zero and typical mixing scenarios, respectively3.

The right–hand side of Fig. 1 shows the contours in the [MS, Xt] plane where we obtain the
mass range 123 GeV < Mh < 127 GeV from our pMSSM scan with Xt/MS <∼ 3; the regions in
which tan β <∼ 3, 5 and 60 are highlighted. One sees again that a large part of the parameter
space is excluded if the Higgs mass constraint is imposed4.

3. Implications for constrained MSSM scenarios

In constrained MSSM scenarios (cMSSM)5, the various soft SUSY–breaking parameters obey
a number of universal boundary conditions at a high energy scale such as the GUT scale, thus
reducing the number of basic input parameters to a handful. These inputs are evolved via the
MSSM renormalisation group equations down to the low energy scale MS where the conditions
of proper electroweak symmetry breaking (EWSB) are imposed. The Higgs and superparticle

3
We have checked that the program FeynHiggs [18] gives comparable values for Mh within ≈ 2 GeV which

we consider to be our uncertainty as in Eq. (5).
4
Note that the M

max
h values given above are obtained with a heavy superparticle spectrum, for which the

constraints from flavour physics and sparticle searches are evaded, and in the decoupling limit in which the h

production cross sections and the decay branching ratios are those of the SM Higgs boson. However, we also

searched for points in the parameter space in which the boson with mass � 125 GeV is the heavier CP–even

H
0
boson which corresponds to values of MA of order 100 GeV. Among the ≈ 10

6
valid MSSM points of the

scan, only ≈ 1.5 × 10
−4

correspond to this scenario. However, if we impose that the H
0
cross sections times

branching ratios are compatible with the SM values within a factor of 2 and include the constraints from MSSM

Higgs searches in the τ+τ− channel, only ≈ 4 × 10
−5

of the points survive. These are all excluded once the

b → sγ and Bs → µ
+
µ
−

constraints are imposed. A detailed study of the pMSSM Higgs sector including the

dark matter and flavour constraints as well as LHC Higgs and SUSY search limits is presented in Ref. [19].
5
In this paper cMSSM denotes all constrained MSSM scenarios, including GMSB and AMSB.

4

Arbeya, Battaglia, Djouadi, Mahmoudi, Quevillonʼ11

For moderate to large values of tan beta and large non-standard Scalar boson masses 

! 

mh
2 " MZ

2 cos2 2#+
3

4$ 2
mt

4

v2
1
2

˜ X t + t +
1

16$ 2
3
2

mt
2

v2 % 32$&3

' 

( 
) 

* 

+ 
, ˜ X t t + t 2( )

- 

. 
/ 

0 

1 
2 

! 

t = log(MSUSY
2 mt

2)

! 

˜ X t =
2Xt

2

MSUSY
2 1" Xt

2

12MSUSY
2

# 

$ 
% 

& 

' 
( 

! 

Xt = At " µ /tan# $LR stop mixing

SM-like MSSM Scalar Boson Mass: 
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MSSM Higgs Masses as a function of MA

•  Mild variation of the charged Higgs  mass with SUSY spectrum

 
m

H
!

2
=  mA

2
+ (!4 " !5 )v

2

 
If sizeable  µ   and  sizeable  At ! Ab < 0 "#4 $ #5 < 0   (smaller m

H
! )

mA nearly degenerate

with mh or mH

MSSM Higgs Masses as a function of MA
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                   can have relevant effects in the production and decay rates 

Radiative corrections to the CP-even mass matrix
 affect the mixing angle alpha 

that governs couplings of Higgs to fermions

 

sin! cos! = M
12

2
/ Tr M

2( )
2

" 4 det M
2

If off diagonal elements suppressed/enhanced: same occurs for sinα or cosα
==> suppression/enhancement of SM-like Higgs coupling to bb and ττ

leads to enhancement/suppression of BR(h/H to WW/ZZ/γγ)  for mh/H < 135 GeV 

g
hbb̄,Hbb̄,Abb̄

→ − sinα/ cosβ, cosα/ cosβ, tanβ

Normalized 
to SM ones

ghuū,Huū,Auū → cosα/ sinβ, sinα/ sinβ, 1/ tanβ

(same for leptons)

1) Important effects through radiative corrections to the CP-even Mass matrix 

Radiative corrections to the Higgs couplings
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2) Important vertex corrections to Higgs-fermion Yukawa couplings through 
loops of SUSY particles

relevant for large                ,  

and can induce important flavor changing neutral and charged current effects 

tanβ ≥ 20

Recall:  
In the SM, in the mass eigenstate basis, the Higgs interactions are flavor diagonal 

           Different   v.e.v.’s   ==>

              Diagonalization of the mass matrix will not give diagonal Yukawa couplings

 ==> will induce large, usually unacceptable FCNC in the Higgs sector

Solution:  Each Higgs doublet couples only to one type of quarks

                                    ==> SUSY at tree level

Flavor Beyond the Standard Model

Two Higgs doublet Models:

 Yukawa interactions ==>

 

d R ,i(
ˆ h d ,1

ij
 !

1
+ ˆ h d ,2

ij
 !

2
) dL , j

 

ˆ m d
ij

= ˆ h d ,1

ij
v

1
+ ˆ h d ,2

ij
v

2

However:  radiative corrections to the Higgs -fermion couplings

 Main effect at large tan beta ==> both Higgs doublets couple to the up

                                                      and down /lepton sectors

 Higgs Physics strongly connected to flavor physics and to the SUSY mechanism.

           Different   v.e.v.’s   ==>

              Diagonalization of the mass matrix will not give diagonal Yukawa couplings

 ==> will induce large, usually unacceptable FCNC in the Higgs sector
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Flavor Beyond the Standard Model

Two Higgs doublet Models:

 Yukawa interactions ==>
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ˆ h d ,1

ij
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1
+ ˆ h d ,2

ij
 !

2
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ij
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v
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v
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Flavor Beyond the Standard Model

Two Higgs doublet Models:

 Yukawa interactions ==>
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1
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2
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ij

= ˆ h d ,1

ij
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 Higgs Physics strongly connected to flavor physics and to the SUSY mechanism.

           Different   v.e.v.’s   ==>

              Diagonalization of the mass matrix will not give diagonal Yukawa couplings

 ==> will induce large, usually unacceptable FCNC in the Higgs sector

Solution:  Each Higgs doublet couples only to one type of quarks

                                    ==> SUSY at tree level

Flavor Beyond the Standard Model

Two Higgs doublet Models:

 Yukawa interactions ==>

 

d R ,i(
ˆ h d ,1

ij
 !

1
+ ˆ h d ,2

ij
 !

2
) dL , j

 

ˆ m d
ij

= ˆ h d ,1

ij
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However:  radiative corrections to the Higgs -fermion couplings

 Main effect at large tan beta ==> both Higgs doublets couple to the up

                                                      and down /lepton sectors

 Higgs Physics strongly connected to flavor physics and to the SUSY mechanism.

           Different   v.e.v.’s   ==>

              Diagonalization of the mass matrix will not give diagonal Yukawa couplings

 ==> will induce large, usually unacceptable FCNC in the Higgs sector

Solution:  Each Higgs doublet couples only to one type of quarks

                                    ==> SUSY at tree level

Flavor Beyond the Standard Model

Two Higgs doublet Models:

 Yukawa interactions ==>

 

d R ,i(
ˆ h d ,1

ij
 !

1
+ ˆ h d ,2

ij
 !

2
) dL , j

 

ˆ m d
ij

= ˆ h d ,1

ij
v

1
+ ˆ h d ,2

ij
v

2

However:  radiative corrections to the Higgs -fermion couplings

 Main effect at large tan beta ==> both Higgs doublets couple to the up

                                                      and down /lepton sectors

 Higgs Physics strongly connected to flavor physics and to the SUSY mechanism.

After radiative 
corrections:

* *
φ1 = �ijH

∗
1 φ2 = H2
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            loop factors intimatelyloop factors intimately
connected to the connected to the structure ofstructure of
the the squark squark mass matrices.mass matrices.

2) Vertex corrections to neutral Higgs-fermion couplings (           enhanced)
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DependenceDependence

on SUSYon SUSY

parametersparameters

•  In terms of the quark mass eigenstates
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                                    ==> SUSY at tree level

Flavor Beyond the Standard Model

Two Higgs doublet Models:

 Yukawa interactions ==>
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ij
 !
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) dL , j

 

ˆ m d
ij
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2

However:  radiative corrections to the Higgs -fermion couplings

 Main effect at large tan beta ==> both Higgs doublets couple to the up

                                                      and down /lepton sectors

 Higgs Physics strongly connected to flavor physics and to the SUSY mechanism.

The neutral Higgs sector:   radiative corrections induce FCNC

+ ...
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Flavor Conserving Higgs-fermion couplings
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In terms of the Higgs

mass eigenstates:
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Modified Higgs Boson Couplings to b-quarks M.C., Mrenna, Wagner; Haber et al.

g
h bb̄
� − sin α mb

v cos β(1+∆b) (1−∆b/ tan α tan β)

g
H bb̄

� cos α mb
v cos β(1+∆b) (1−∆b tan α/ tan β)

g
A bb̄

� mb
v(1+∆b) tan β

• similar effects on τ coupling but |∆τ |� |∆b|

Important modifications of couplings occur for regions of MSSM parameter space

−→ dep. on sign and values of µAt, µAb, µMg̃ and magnitudes of Mg̃/MS , µ/MS

• destroy the basic relation: g
h,H,A bb̄

/gh,H,A ττ ∼ mb/mτ

• strong suppression of coupling of h (H) to bottoms if

tan α � ∆b/ tan β −→ g
h bb̄
� 0 ; gh ττ � −mτ

v
∆b (similar for H)

=⇒ main decay modes of SM-like MSSM Higgs: bb̄ ∼ 80% τ+τ− ∼ 7− 8%

drastically changed =⇒ other decay modes enhanced

=⇒ Higgs phenomenology at colliders revisited!!

Higgs Physics
Marcela Carena, Fermilab
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More generally we can write the Effective Lagrangian:
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The resulting interaction Lagrangian defining the couplings of the physical Higgs

bosons to third generation fermions:

Lint = −
�

q=t,b,τ

�
ghqq̄hqq̄ + gHqq̄Hqq̄ − igAqq̄Aq̄γ5q

�
+

�
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.
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as given before. Similarly, g(h/H/A),τ+τ− replacing mb → mτ , ∆b → ∆τ

and g(h/H/A),tt̄ replacing mb → mt, ∆b → ∆t, tan β, tan α→ 1/ tan(β), 1/ tan(α)

(no tan β enhancement in ∆t; ∆τ � ∆b)

Similar to neutral Higgs case, for the charged Higgs one has important radiative

corrections for large tan β
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may be included.

Higgs Physics
Marcela Carena, Fermilab

In general,  Higgs -third generation fermion couplings 
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those involving 
bottom quarks

hbb coupling if
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Given the Discovery of a SM-like Scalar boson particle with 
mass ~ 125 GeV

• Do we still expect SUSY (some type of low energy SUSY) ?

• If yes, what does it imply for SUSY models?

                   large mixing in the stop sector 
                                       or
                   new matter or gauge superfields 

They also have implications for the flavor-Higgs connection within assumption of 
MFV at the SUSY breaking scale

DM constraints less strongly correlated since predictions depend strongly on 
gaugino soft masses, not very relevant for Higgs rad. corrections.

Both alternatives have important implications 
for the Higgs production and decay rates
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Soft supersymmetry Breaking Parameters in the MSSM

M. C., S. Gori, N. Shah, C. Wagner ’11
+L.T.Wang ‘12

Large stop sector mixing 
  At > 1 TeV

 
No lower bound on the lightest stop

One stop can be light and the other heavy   
 or

in the case of similar stop soft masses. 
both stops can be below 1TeV

Similar results from 
Arbey, Battaglia, Djouadi, Mahmoudi, Quevillon ’11

Draper Meade, Reece, Shih’11
Shirman et al.

   Large mixing also constrains
 SUSY breaking model building
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How much can we perturb the gluon production mode?

Is it possible to change WW and ZZ decay rates independently?

Can we vary the Higgs rate into di-photons independently from the rate into WW/ZZ?

Can we change the ratio of b-pair to tau pair decay rates?

Can departures from the SM in the production/decay rates at the LHC
disentangle among different SUSY spectra?

The event rates: 

• All three quantities may be affected by new physics. 
•  If one partial width is modified, the total width is modified as well, modifying  all BR’s.

Main production channel:
       Gluon Fusion

Main/first search modes:
decay into γγ/ZZ/WW
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Possible departures in the production and decay rates at the LHC

!  Through SUSY particle effects in loop induced processes 

!  Through enhancement/suppression of the Higgs-bb and Higgs-di-tau 
coupling strength via mixing in the Higgs sector :                              

This affects in similar manner BR’s into all other particles  

squarks squarks and sleptons 

~ 

~ 

~ 
charginos 

❖Through decays to new particles (including invisible decays)
This affects in similar manner BR’s to all SM particles 

❖ Through enhancement/suppression of the Hbb and Hττ coupling strength
  via mixing in the scalar boson sector :

This affects in similar manner BRʼs into all other particles

❖Through vertex corrections to Yukawa couplings: different for bottoms and taus
                     This destroys the SM relation BR(h     bb)/BR(h    ττ) ~ mb2/mτ2
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Gluon Fusion in the MSSM

 See also Dermisek, Low’07.
Natural SUSY fit:  Espinosa, Grojean, Saenz,Trotta ‘12

Light stops can increase the gluon fusion rate, but for large stop mixing Xt 

as required for mh~125 GeV mostly leads to moderate suppression
[light sbottoms lead to suppression for large tanβ]

Squark effects in gluon fusion overcome 
opposite effects in di-photon decay rate:

δAt̃
γγ,gg ∝ m2

t

m2
t̃1
m2

t̃2

�
m2

t̃1
+m2

t̃2
−X2

t

�

If one stop much heavier: mQ >> mU 
and large tanβ

δAt̃
γγ,gg ∝ m2

t

m2
t̃1

�
1− A2

t

m2
Q

�

σ(gg → h)BR(h → γγ)

σ(gg → h)SMBR(h → γγ)SM
< (>)1

If
σ(gg → h)

σ(gg → h)SM
< (>)1

At
mQ3

� 1

At
mQ3

� 1

50 100 150 200 250 300 350 400
0.0

0.5

1.0

1.5

2.0

mt1� �GeV�

�gg
�
h
�

�gg
�
h
� SM

mh � 125 GeV, mA � 1 TeV, AΤ � 0.5 TeV, tan Β � 60

At/mQ <1

At/mQ >1

M.C.,Gori, Shah, Wagner, Wang 

Ellis, Gaillard, Nanopoulos ’76
Shifman, Vainshtein, Voloshin, Zakharov’79; MC. Low, Wagner’12
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Higgs Production in the di-photon channel in the MSSM  

.  M.C, Gori, Shah, Wagner 

  for Mh ~ 125 GeV  

Contours of constant  

! 

" gg#h( )Br(h#$$ )
" gg#h( )SM Br(h#$$ )SM

Light staus with large mixing  
   [sizeable µ and tan beta]: 
     ! enhancement of the  
 Higgs to di-photon decay rate   

Charged scalar particles with no color charge can change di-photon rate  
without modification of the gluon production process  

M. C, S. Gori, N. Shah, C. Wagner,’11 +L.T.Wang’12

For a generic discussion of modified γγ and Zγ widths by new charged particles, 
see M. C. ,Low and C. Wagner’12; for specific connection with light staus: Giudice, Paradisi,Strumia’12

  MSSM scan: Benbrik, Gomez Bock, Heinemeyer, Stal, Weigein, Zeune’12 

 - up to 50 % with SM-like ZZ/WW -

Mh = 125 GeV

tanβ= 60

Higgs Production in the di-photon channel in the MSSM
Charged scalar particles with no color charge can change di-photon rate 

without modification of the gluon production process

δAhγγ ∝ − m2
τ

m2
τ̃1
m2

τ̃2

(m2
τ̃1 +m2

τ̃2 − χ2
τ )

Higgs Production in the di-photon channel in the MSSM  

.  M.C, Gori, Shah, Wagner 

  for Mh ~ 125 GeV  

Contours of constant  

! 

" gg#h( )Br(h#$$ )
" gg#h( )SM Br(h#$$ )SM

Light staus with large mixing  
   [sizeable µ and tan beta]: 
     ! enhancement of the  
 Higgs to di-photon decay rate   

Charged scalar particles with no color charge can change di-photon rate  
without modification of the gluon production process  
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Additional modifications of the Higgs rates into gauge bosons 
via stau induced mixing effects in the Higgs sector

me3= mL3 

mStau~ 90 GeV;  mh~ 125 GeV

  Important Aτ induced radiative corrections to the mixing angle α  

Small variations in BR [H to bb] induce
 significant variations in the other Higgs BR’s

M. C. Gori, Shah, Wagner,’11 + Wang’12

Similar results for example within pMSSM/MSSM fits:    Arbey, Battagllia, Djouadi,Mahmoudi ’12
                                                                              Benbrik, Gomez Bock, Heinemeyer, Stal, Weiglein, Zeune’12 

ghb̄b,hτ+τ− ∝ − sinα/ cosβ

mA = 1 TeV

Values of the soft parameters larger than ~ 250 GeV
tend to lead to vacuum stability problems
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 After SUSY breaking all fermions couple to both Higgs Doublets

                   can change the relative strength of Higgs decays to b and tau pairs

! 

destroy basic relation   
gh,H,Abb gh,H ,A "" #mb m"

M.C. Mrenna, Wagner ʼ98
Haber,Herrero, Logan, Penaranda, Rigolin, Temes ʼ00

             Radiative corrections ==> main decay modes of the  
SM-like MSSM Higgs into b- and tau-pairs can be drastically changed  

Modification of the tree level relation between hb,τ and mb,τ

mb,τ � hb,τv√
2

cosβ

�
1 +

∆hb,τ

hb,τ
tanβ

�

   Δb,τ

ghbb,hττ = − mb,τ sinα

v cosβ(1 +∆b,τ )

�
1− ∆b,τ

tanβ tanα

�

! 

hd
ghbb,hττ = −hb,τ sinα+∆hb,τ cosα
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Suppression of the h to taus to h to b’s ratio
due to different radiative SUSY corrections to higgs-fermion couplings 

M. C., Gori,  Shah,  Wagner,  Wang’12

Suppression of di-tau rate 
not larger than 10% 

due to metastability constraints
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Non-Standard Higgs Production at the Tevatron and LHC

••      Important effects onImportant effects on couplings to b quarks  and tau-leptons

BR(A! bb ) "
9

9 + 1+ #
b( )
2
$

BR(A!"
+
"

#
) $

1+ %
b( )
2

9 + 1+ %
b( )
2
&

There is a strong dependence on the SUSY parameters in the bb search channel.

This dependence is much weaker in the tau-tau channel

 

! bb A( ) " BR A # bb ( ) $! bb A( )
SM

"
tan% 2

1+ &
b( )
2
"

9

1+ &
b( )
2

+ 9

 

! bb ,gg " A( ) # BR A "$$( ) %! bb ,gg " A( )
SM

#
tan& 2

1+ ' b( )
2

+ 9

• Considering value of running bottom mass and 3 quark colors

! gbbA /H "
mb tan#

1+ $b( )v
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MSSM Higgs Boson Searches at colliders

1) Discovery of a SM-like Higgs responsible for EWSB
must have SM-like couplings to W-Z gauge bosons

and most probably SM-like couplings to the top-quark

2) Search for the non-SM-like neutral Higgs bosons  A and H 
they have        enhanced couplings to the bottom quarkstanβ
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Benchmark Scenarios for the Search of MSSM Scalar Bosons
with 125.5 GeV signal interpreted as h (or H)

M.C., Heinemeyer, Stal, Wagner, Weiglein ’13

mhmax scenario  ( updated with Mgluino = 1.5 TeV,   mt = 173.2 GeV)

Green region favored by LHC observation

Without 3 GeV
 Theory Uncertainty 

in evaluation of Exp.  Bounds 

No ∆mTheory
h

Lower bound on tanβ, MA and MH+ 

 (slightly relaxed if MSUSY ~ 2TeV)
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M.C., Heinemeyer, Stal, Wagner, Weiglein ’13

mhmod scenario  (moderate stop mixing scenario)

effect of  A/H suppressed decays 
into charginos and neutralinos

A/H \→ χiχj

Green region 
favored by

 LHC observation

Additional Benchmark Scenarios: 
Light stops, Light staus, τ-phobic and SM-like H with mH ~125 GeV
 with interesting phenomenology for the MSSM scalar boson sector   

Benchmark Scenarios for the Search of MSSM Scalar Bosons
with 125.5 GeV signal interpreted as h (or H)
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Many Minimal SUSY models can produce mh=125 GEV

Extra singlet S with extra parameter λ

Hall, Pinner, Ruderman’11
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Figure 6: Contours of mh = 125 GeV in the NMSSM, taking mQ3 = mu3 = mt̃ and varying

tan β = 2, 5, 10 from left to right, and varying λ within each plot. We add the tree-level Higgs

mass (with NMSSM parameters chosen to maximize it) to the two-loop stop contribution from

Suspect. The tree-level Higgs mass is largest at lower values of tan β and larger values of λ,
where only modestly heavy stops, mt̃ ∼ 300 GeV, are needed to raise the Higgs to 125 GeV.

Heavy stops are still required for lower values of λ and larger values of tan β.

to many studies of the NMSSM which focus on the scenario with no dimensionful terms in the

superpotential. We define the parameter µ = µ̂ + λ �S�, which acts as the effective µ-term and

sets the mass of the charged Higgsino.

We also include the following soft supersymmetry breaking terms,

Vsoft ⊃ m
2
Hu

|Hu|2 +m
2
Hd
|Hd|2 +m

2
S
|S|2 + (BµHuHd + λAλ SHuHd + h.c.) . (9)

For simplicity, we have not included the trilinear interaction S
3
in the superpotential or scalar

potential because we do not expect its presence to qualitatively change our results. We neglect

CP phases in this work and take all parameters in equations 8 and 9 to be real.

In this section, we focus on the scenario where the lightest CP-even scalar is mostly doublet,

with doublet-singlet mixing not too large. The lightest CP-even scalar mass that results from

the above potential is bounded from above at tree-level [14],

(mh
2
)tree ≤ m

2
Z
cos

2
2β + λ2

v
2
sin

2
2β. (10)

Since we take the lightest scalar to be dominantly doublet, this is a bound on the Higgs mass.
1

The first term is the upper bound in the MSSM, while the second term is the contribution

from the interaction involving the singlet. The above bound is saturated when the singlet is

integrated out with a large supersymmetry breaking mass, m
2
S
> M

2
S
[19], which, in practice,

1It is also interesting to consider the case where the lightest eigenstate is dominantly singlet. Then, singlet-
doublet mixing can increase the mass of the dominantly doublet eigenstate [29].
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Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, mt̃1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal

top squark mixing assuming degenerate stop soft masses and yield a 124 (126) GeV Higgs mass

for mt̃1 in the range of 350–600 (500–800) GeV, while the two lower lines are for zero top squark

mixing and do not yield a 124 GeV Higgs mass for mt̃1 below 3 TeV. Here we have taken

tan β = 20. The shaded regions highlight the difference between the Suspect and FeynHiggs

results, and may be taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, λSHuHd, that is perturbative to unified scales, thereby constraining λ � 0.7

(everywhere in this paper λ refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m
2
h = M

2
Z cos

2
2β + λ2

v
2
sin

2
2β + δ2t , (2)

where here and throughout the paper we use v = 174 GeV. For λv > MZ , the tree-level

contributions to mh are maximized for tan β = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan β as in the MSSM. However, even for λ taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

δt � 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

125 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan β in the region

of 1–2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but only for .6 � λ � .7, near the

boundary of perturbativity at the GUT scale.
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Figure 3: The Higgs mass in λ-SUSY, as a function of the singlet soft mass mS. Here, λ = 2,
tan β = 2, and the other parameters are as described in Table 1, which gives the light Higgs a
mass of mh = 280 GeV in the limit of heavy singlet mass. However, we see that lowering the
singlet mass mS results in a lighter Higgs due to mixing of the singlet with the Higgs.

cations of a 3× 3 mass matrix for the CP even Higgs scalars. However, this decoupling is itself

unnatural since the soft Higgs doublet mass parameter is generated by one-loop renormalization

group scaling at order λ2m2
S. For λ = 2, avoiding additional tuning at the 20% level requires

mS � 1 TeV [15]. Once s is no longer decoupled, it is crucial to include doublet-singlet Higgs

mixing. In the limit of decoupling one Higgs doublet, s mixes with the remaining light neutral

doublet Higgs h at tree-level via the mass matrix

M2 =

�
λ2v2 sin2 2β +M2

Z cos2 2β λv(µ,MS, Aλ)
λv(µ,MS, Aλ) m2

S

�
. (3)

In general there are several contributions to the off-diagonal entry and these will be discussed

in section 4; but all are proportional to λv, which is large in λ-SUSY, so that mixing cannot

be neglected even for rather large values of m2
S. This is illustrated in Figure 3 where, for a set

of reference parameters of the model discussed later, the two eigenvalues of this mixing matrix

are shown as a function of mS. At the reference point λ = 2 and tan β = 2, so that in the

absence of mixing the Higgs mass would be 280 GeV, but this is reduced to 125 GeV for mS ∼
500 GeV. As the blue curve of Figure 3 crosses 125 GeV its slope is quite modest – a central

claim of this paper is that a 125 GeV Higgs from doublet-singlet mixing in λ-SUSY is highly

natural. However, moving along the blue curve of Figure 3, the tuning rapidly increases as the

4

SM + singlet limit

has been studied, and refs. therein).
It is well known that, for small values of tan β, the coupling λSHuHd in the superpo-

tential leads to a positive contribution to the mass squared of the SM-like Higgs boson
HSM relative to the MSSM [15,16,19]. However, HSM −S mixing has an additional impact
on the physical spectrum: if the diagonal mass term m2

SS is larger than the one of HSM ,
the mixing reduces the mass of HSM ; if the diagonal mass term m2

SS is smaller than the
one of HSM , the mixing leads to an additional increase of the mass of HSM . In this latter
case, the mass of the lighter eigenstate H1 can be well below 114 GeV and compatible with
constraints from LEP [31], if its reduced signal strength ξ21 ≡ ḡ12 × BR(H1 → bb̄) is small
enough. (Here ḡ1 is the reduced coupling of H1 to the Z boson normalized with respect to
the SM, and BR(H1 → bb̄) is the branching ratio into bb̄ normalized with respect to the
SM.)

In addition, HSM−S mixing can lead to an increase of the branching ratio BR(Hi → γ γ)
of one of the eigenstates Hi with respect to the SM: if the coupling to b b̄ and hence the
partial decay width into b b̄ (which is close to the total width ΓTot) is strongly reduced
with respect to the SM, BR(Hi → γ γ) = Γ(Hi → γ γ)/ΓTot is correspondingly enhanced.
This phenomenon has been discussed in the context of the lighter eigenstate H1 in [32],
but is equally possible for the heavier eigenstate as will be discussed below. In view of the
latest LHC results, the possible enhancement of BR(Hi → γ γ) in the NMSSM was also
discussed in [13], and a Higgs mass near 125 GeV in the constrained NMSSM – but without
enhancement of BR(Hi → γ γ) – in [33].

In the next Section we will study a region of the parameter space of the NMSSM with
a scale invariant superpotential, which leads naturally to an eigenstate H2 after HSM − S
mixing with a mass in the 124 − 127 GeV range. Its BR(H2 → γ γ) is always enhanced
with respect to the SM. The lighter eigenstate H1 has a mass in the 70 − 120 GeV range,
compatible with LEP constraints, and is potentially also observable at the LHC. In Section 3
we conclude and summarize the possibilities allowing to distinguish this scenario from the
SM and/or the MSSM.

2 Implications of HSM − S mixing in the NMSSM in

the light of recent and future LHC results

The NMSSM differs from the MSSM due to the presence of the gauge singlet superfield S.
In the simplest Z3 invariant realisation of the NMSSM, the Higgs mass term µHuHd in the
superpotential WMSSM of the MSSM is replaced by the coupling λ of S to Hu and Hd and
a self-coupling κS3. Hence, in this simplest version the superpotential WNMSSM is scale
invariant, and given by:

WNMSSM = λŜĤu · Ĥd +
κ

3
Ŝ3 + . . . , (1)

where hatted letters denote superfields, and the dots denote the MSSM-like Yukawa cou-
plings of Ĥu and Ĥd to the quark and lepton superfields. Once the real scalar component
of Ŝ develops a vev s, the first term in WNMSSM generates an effective µ-term

µeff = λ s . (2)

2

• Higgs mixing effects can be also triggered by extra new parameter λ 
• Higgs-Singlet mixing ==> wide range of ZZ/WW and Diphoton rates 
• Light staus cannot enhance the di-photon rate (at low tanβ stau mixing is negligible)
• Light chargino at low tanβ can contribute to enhance the di-photon rate 
  

NMSSM : At low tan beta, trade requirement on large stop mixing by sizeable trilinear    
             Higgs-Higgs singlet coupling λ         more freedom on gluon fusion production 
         

Ellwanger’ 12; Benbrik, Bock, Heinemeyer, Stal,  Weiglein,Zeune’12; Gunion, Jiang, Kraml ’12
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Extensions with extra gauge groups: 125 GeV Higgs mass from D terms
        plus chargino contribution to the quartic (plus usual top-stop)

Split SUSY: (no extra light scalars below 100-1000 TeV)      
                             diphoton rate constrained to be about the SM value 

Compared to the MSSM, the effective SU(2)L D-term is enhanced by this factor ∆. The tree-level

CP-even Higgs mass matrix becomes

M2
H0 =

�
1
4(g

2∆+ g�2)v2 cos2 β +M2
A
sin

2 β −(
1
4(g

2∆+ g�2)v2 +M2
A
) sinβ cosβ

−(
1
4(g

2∆+ g�2)v2 +M2
A
) sinβ cosβ 1

4(g
2∆+ g�2)v2 sin2 β +M2

A
cos

2 β

�
, (28)

where g� is the SM U(1)Y gauge coupling and MA is the mass parameter of the CP-odd Higgs. The key

observation of BDKT was that in the decoupling limit, with large MA, the mass of the light, neutral,

CP-even Higgs is not bounded at tree level by MZ | cos 2β|, but rather by

mh ≤ 1

2

�
g2∆+ g�2v| cos 2β|. (29)

The tree-level mass splitting between the charged and CP-odd Higgs is also modified [27]:

m2
H± −m2

A =
g2∆

4
v2. (30)

Here, as before, the weak coupling constant is defined as g = g1g2/
�

g21 + g22.

3.2 The Chargino Loop Contribution to the Higgs Diphoton Decay Rate

The Higgs diphoton decay is loop induced and may include contributions from bosons, fermions and

scalars (see for instance [19, 30,31])

Γ(h → γγ) =
α2m3

h

1024π3

����
ghV V

m2
V

Q2
V A1(τV ) +

2g
hff̄

mf

Nc,fQ
2
f
A1/2(τf ) +Nc,SQ

2
S

ghSS
m2

S

A0(τS)

����
2

, (31)

where τi = 4m2
i
/m2

h
and V , f , and S refer to spin-1, spin-1/2, and spin-0 fields. The corresponding ghii,

Qi and Nc,i denote the coupling, electric charge and number of colors of each particle contributing to the

amplitude. A1 , A1/2 andA0 are the related loop-functions.

For heavy particles in the loop, the Higgs diphoton partial width may also be quantified using Higgs

low-energy theorems [32,33]

Lhγγ � α

16π

h

v

∂

∂ log v

�
�

i

bV,i log
�
detM2

V,i

�
+

�

i

bf,i log
�
detM†

f,i
Mf,i

�

+

�

i

bS,i log
�
detM2

S,i

�
�
FµνF

µν , (32)

where Mi are the mass matrices and bi are the coefficients of the QED one-loop beta function [19].

In the SM, it is well known that the dominant contribution to the amplitude is from the W±
boson

loops. For a 125 GeV Higgs boson, the loop factor AW
1 in Eq. (31) is about −8.32 and destructively

interferes with the top-loop contribution, which gives a subdominant contribution NcQ2
tA1/2 � 1.84.

In general, the bi coefficients of all matter particles are positive. Hence if the determinant of the mass

matrix of some new matter sector has a negative dependence on v, then these new particles will contribute

additively to the W±
loop and they will enhance the Higgs-diphoton partial width. There are several

different ways to achieve this that have been explored in the literature [11–23]. In this work, we shall

assume that all sfermion masses are of at least a few hundred GeV and therefore their contributions to

Eq. (31) is suppressed.

The above situation applies in the MSSM to the charginos. Since the Higgs vev v appears only in the

off-diagonal entries of the mass matrix

M±
ij

=

�
M2

1√
2
gv sinβ

1√
2
gv cosβ µ

�
, (33)

7

we have detM±
ij = M2µ− 1

4g
2
v
2 sin 2β. Therefore, in the low energy limit,

lim
p→0

M(Xh)MSSM ∝ ∂

∂v
log detM±

ij = − g
2
v sin 2β

2M2µ− 1
2g

2v2 sin 2β
� −g

2
v sin 2β

2M2µ
, (34)

and the chargino contribution to the amplitude constructively interferes with the dominant W
± loop

to enhance the Higgs diphoton decay rate. Note that the contribution is proportional to sin 2β and
therefore has a maximum near tanβ = 1. Unfortunately, the MSSM chargino alone cannot account for
the observed enhancement [23,34]. This can be understood as a limitation imposed by the size the weak
gauge coupling g. We can try to increase the effect by making the charginos lighter, but we are limited
by the experimental lower bound on their masses of about 103.5 GeV at low tanβ [35, 36].

In certain regions of parameter space of our model, the lightest chargino can have a large W̃2 com-
ponent. In this case, the above constraints can be overcome – the lightest chargino couples to the Higgs
with a factor enhanced by g2/g with respect to the MSSM. The estimation of the amplitude in our model
proceeds as in the MSSM case, with the added complication of the extended 4× 4 chargino mass matrix,
Eq. (15). For simplicity, we shall assume, that both MΣ̃ and MW̃1

are large; therefore, at low energies,

the lightest charginos are mostly admixtures of the Higgsino and the wino W̃2, which couples strongly to
the Higgs. The heavy charginos are then composed mostly of Σ̃ and W̃1, and decoupling them introduces
a seesaw-like correction to the effective 2× 2 mass matrix of the lightest charginos:

M
±,eff
ij ∼



 MW̃2
− 1

2
g22u

2

MΣ̃
− g21g

2
2

4
u4

M2
Σ̃
MW̃1

1√
2
g2vsβ

1√
2
g2vcβ µ



 , (35)

where we have neglected higher-order corrections from decoupling MW̃1
. We perform a detailed study of

the rate of the Higgs decay into diphotons, the electroweak constraints and the vacuum stability in the
SU(2)1 ⊗ SU(2)2 gauge extended model. To this end, we have used a modified version of the program
FeynHiggs [37] that incorporates the extended chargino and neutralino sectors.

3.3 Radiative Corrections to the Higgs Mass and Vacuum Stability Constraints

The tree-level Higgs mass enhancement from the non-decoupling D-term is also accompanied by a po-
tentially large loop correction. As motivated earlier, the diphoton enhancement calls for a light, strongly
interacting chargino in our model. As fermions, these charginos contribute to the renormalization group
equation (RGE) of the Higgs quartic coupling in a way similar to the top quark, i.e. they produce a large
negative beta function contribution. The chargino effects are small in the MSSM because the coupling g

is small, but they are potentially relevant in our model because their RGE contribution is proportional
to g

4
2.
This effect can be explained in two different ways. Fixing the low energy quartic coupling by the

measured Higgs mass Mh ∼ 125 GeV, the bottom-up RGE running of the quartic coupling drives it to
negative values. In this case, a new vacuum deeper than the physical one is generated and the physical
vacuum becomes unstable. This is generally the viewpoint adopted in non-supersymmetric models. To
solve this problem, we need new bosons at some intermediate scale that stabilize the potential via positive
contributions to the RGE and possible tree-level threshold corrections [28, 38–40].

On the other hand, in our model, we can inversely fix the quartic coupling by Eq. (29) at the scale

mW � =
�

1
2(g

2
1 + g

2
2)u, where SUSY is broken for the new W

� and W̃
� sector. The quartic coupling will

then be enhanced in its RG evolution to low energies via the effects of the charginos and the top quark and
its supersymmetric partners. Such effects may be strong enough to drive the Higgs mass to values larger
than 125 GeV, and therefore a detailed analysis of these effects is required. Working in the unbroken
phase of the electroweak interactions and with gauge eigenstates (W̃ , W̃

�
, H̃), the (overall) new chargino

8

Chargino Effects in the MSSM are very small

SU(2) x SU(2) Extension of the weak interactions

SU(2)1 × SU(2)2 → SU(2)L
Third generation and Higgs charged 

under strongly coupled SU(2)

Charginos of the strongly coupled

SU(2)1 may be light. For

tanβ � 1, they may provide

the dominant contribution to the

Higgs mass and enhance the

diphoton rate

600

490

400

1.3

1.4

1.5

1.6

100 200 300 400 500

1300

1400

1500

1600

1700

Μ !GeV"

M
W"

2

!G
e
V
"

Figure 3: Chargino mass and diphoton decay BR contours, for the slice with g2/g1 = 2.08, u = 3160 GeV,

MW̃1
= 5 TeV and MΣ̃ = 10 TeV. The grey region is excluded by the LEP bound on the lightest chargino

mass Mχ̃±
1
> 103.5 GeV. The diphoton decay BR enhancement contours are blue curves. The effective

RGE starting scale Mχ̃± contours are red dashed curves. At the tangent point of the 103.5 GeV lightest

chargino mass bound and the Mχ̃± = 490 GeV curve, a Higgs diphoton decay BR of 3.75 × 10
−3

, or an

enhancement of about 61%, can be achieved.

In Fig. 4 we show the chargino and neutralino contributions to the electroweak precision measurement

S and T parameters, where we have also included the small contributions associated with the stop sector.

The total contributions to S and T are small and positive, and remain consistent with the allowed values

of these parameters obtained from a fit to the electroweak precision data [35]. We can see that at the

corresponding point for maximal Higgs diphoton decay BR enhancement, T = 0.075, S = 0.11.
As previously emphasized, in our benchmark scenario, we have employed light top squarks with

masses of about 550 GeV in order to minimize the value of the effective chargino mass Mχ̃± . Such

light stops enhance the gluon fusion rate by about 10% compared with the SM, and provide an additional

enhancement to all Higgs production rates in the gluon fusion channel. Larger stop masses will reduce this

rate enhancement, but due to their impact on the Higgs mass, they will reduce the possibility of having

light charginos with strong coupling to the Higgs, as is assumed in this work. Therefore, a prediction of

this model would be a slight enhancement of the gluon fusion Higgs production channels compared to the

SM ones. No such enhancement should be observable in the weak boson fusion channels, apart from the

obvious case of the diphoton decay rate, that was analysed in detail in this work.

In the MSSM, for tanβ � 1.2, the top Yukawa coupling is large and in the RGE running blows up

below the GUT scale. However, in our model, there are additional strong SU(2)2 gauge coupling effects
that induce a large negative contribution to the top Yukawa RGE. Using the modified RGE evolution of

the gauge and Yukawa couplings, and taking into account the breaking of SU(2)1 ⊗ SU(2)2 → SU(2)L

in a consistent way [26], we have checked that the top Yukawa coupling remains perturbative up to the

scales of the order of the Planck scale.

Relaxing the exact condition tanβ = 1 increases the tree-level contribution to the Higgs mass, Eq. (29),

and therefore reduces the possible chargino contributions to the running of the Higgs quartic coupling

RGE. The tree-level contribution depends on the value of ∆, which in turn depends on mΣ. Choosing

values of the scalar (and fermion) triplet mass to be of the order of the heavy gauge boson masses,

13

R. Huo, G. Lee, A. Thalapillil, C.W.’12

Wednesday, December 19, 2012

Huo, Lee,Thalapillil, Wagner’12

SU(2) x SU(2) Extension of the weak interactions
Third generation and Higgs charged under strongly coupled SU(2)

Enhancement of γγ rate from new (strong) charginos 
(~60%  max. to avoid too large Higgs mass)  

LEP excluded:
 Mχ< 105 GeV

Models with mixtures of singlets,  W’ Z’, triplets:
look at specific models 

or consider an EFT approach if new physics beyond direct reach

Dine, Seiberg, Thomas; Antoniadis, Dudas, Ghilencea, Tziveloglou
M.C, Kong, Ponton, Zurita

Arkani Hamed et al. ’12 
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How are mh~125 GeV SUSY scenarios constrained by data? 
--- Third generation direct particle searches (stau, stops, sbottoms, charginos)
          more experimental efforts needed in these direction
!  LHC looks for staus produced through SUSY cascade decays  

!  LHC looks at long-lived staus 

!  Interesting channel to look for: signature: 
Lepton, 2 taus,  
missing energy 

Estimation at the parton 
level shows promising 
results at 8 TeV LHC

Physical background: Wγ*, WZ*Final
Fake background: W+jets

~ 50 fb 

• In principle also                                              can be interesting, but more challenging

• Another interesting possibility: 
    Staus in “light” Stop decays                                                

M. C., Gori,  Shah,  Wagner,  Wang

t̃1 → bχ̃+ → bτ̃ ν

Stop Branching Ratios in Light Stau Scenario
M. Carena, S. Gori, N. Shah, C. W. and L.T. Wang, to appear
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• How to disentangle between SUSY Higgs vs 2HDM’s in the absence of obvious   
   SUSY partner effects?

How are mh~125 GeV SUSY scenarios constrained by data? 

-- Direct searches of other SUSY Higgs particles 
          more comprehensive searches/decay modes need to be considered

 Example: 
-- Strong constraints in MSSM on mΑ-tan beta from A/H to ττ, however,   
   change of analysis/results if other channels open up; A/H to charginos/staus/...

-- NMSSM; many possible Higgs decay chains  Hi to A A  

-- other extensions with different relations among Higgs masses 
The channels A/H to hh and H+ to hW+ replaced by h/H to AA and H+ to AW+ in 
BMSSM

-- spectra with quasi degenerate Higgs bosons?

Wednesday, April 10, 2013



CP-violation in the Higgs sector:

MSSM: Upper bound on Higgs mass same as in the CP conserving case
Similar requirement on the SUSY parameters 
harder to achieve enhanced di-photon rate (?)

Other extensions:  CP violation at tree level

Strong bounds on CP phases from EDM’s

Interplay between collider and EDM’s/MDM’s data 
(only in model dependent scenarios) ?

Wednesday, April 10, 2013



The Higgs discovery and

the Higgs-flavor connection in the MFV MSSM

Wednesday, April 10, 2013
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Mh ~ 125 GeV and flavor in the MSSM
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Mh ~125 GeV and Higgs-flavor connection in the MFV MSSM

Positive values of At less constraining for sizeable mA and large tan beta
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SUSY effects intimately connected to the structure of the squark mass matrices

           Bounds from Bs →µ+µ- Bounds from Bs →Xs γ

Altmannshofer, MC, Shah,Yu ’12
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If SUSY exists, many of its most important motivations 
demand some SUSY particles at the TeV scale

Low Energy Supersymmetry

Wednesday, April 10, 2013



Unification of Gauge Couplings

Renormalization group evolution          allows to study the scaling of the gauge 

couplings with energy αi = g2
i /4πdαi

d lnQ2
= bi

α2
i

4π bi = β function coefficient

The renormalization group equation for                 defines the scaling of    with energy ! = e
2
4" !

µ2
!"

!µ2
# $ "( ) =

b"

2%
" 2

     with b" = 2 3

Integrating the differential eq. ==> 1 ! (µ) = 1 ! (MX
) +

b!

2"
ln

M
x

µ

#
$%

&
'(

Renormalization group evolution ==> allows study of the effective coupling Vs energy

Abelian theories:

Are only consistent  as an effective theory

up to a cutoff  scale       

b
!
> 0

Non-Abelian theories:     (May have              )

May be asymptotically free at large energies,

but strongly interacting at small ones.

==> at                          color is confined!

bQCD = !
11

3
NC +

1

3
N f = !7

b
!
< 0

 
!

QCD
! 300MeV

µ2
! Q

2

 

N f = 3
gen,

! ! 4
uR ,uL ,dR ,dL

!

α(Q)

In the SM, U(1) coupling is non-asymptotically free but it blows up above MPl

All couplings seem to converge but quantitatively it does not work!  
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Unification Conditions

Given the 3 RG equations for       and assuming they unify at a 
common value           at a scale MGUT

αi
αGUT

MGUT = exp

��
1

α1(Mz)
− 1

α2(Mz)

�
2π

b1 − b2

�
MZ

Depending on the specific model that defines the values of the bi coefficients, 

the unification condition gives a specific relation between         

Unification of Couplings
• The value of gauge couplings evolve with scale according to the

corresponding RG equations:

1
αi(Q)

=
bi

2π
ln

�
Q

MZ

�
+

1
αi(MZ)

(8)

• Unification of gauge couplings would occur if there is a given scale at
which couplings converge.

1
α3(MZ)

=
b3 − b2

b1 − b2

1
α1(MZ)

+
b3 − b1

b2 − b1

1
α2(MZ)

(9)

• This leads to a relation between α3(MZ) and

sin2 θW (MZ) = αSM
1 /

�
αSM

1 + αSM
2

�
.

13

α3(MZ) and

1
α3(MZ)

=
�

1 +
b3 − b2

b2 − b1

�
1

α2(MZ)
− b3 − b2

b2 − b1

1
α1(MZ)

1
αGUT

=
1

αi(MGUT )
=

1
αi(MZ)

− bi

4π
ln

�
M2

GUT

M2
Z

�
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Rules to compute the beta function coefficients

The one loop coefficients for the U(1) and the SU(N) gauge couplings
are given by  (recall Q = T3 +Y)

bN = −11N

3
+

nf

3
+

nS

6
+

2N

3
nA

Yf,s are the hypercharges of the chiral fermions  and scalars fields
nf,s are the number of fermions and scalars in the fundamental 

representation of SU(N), and nA is the number of fermions in the adjoint  

The factor 5/3 is for normalization so that over one generation: 

Tr[T 3T 3] =
3
5
Tr[Y 2

F ]

5
3
b1 =

2
3

�

f

Y 2
f +

1
3

�

s

Y 2
s
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One can compute the coefficients both in the SM and in the MSSM and obtain

�
b3 − b2

b2 − b1

�SM

=
1
2

+
3

109
� 1

2
→ 1

α3(MZ)
≈ 15!!

�
b3 − b2

b2 − b1

�MSSM

=
5
7

→ 1
α3(MZ)

≈ 8.5!!

Although qualitatively possible, unification of couplings in the SM is ruled out !

1
α3(MZ)

����
exp

� 8.5

Instead, in the MSSM

bSM
1 =

41
10

bSM
2 = −19

6
bSM
3 = −7

bMSSM
1 =

33
5

bMSSM
2 = 1 bMSSM

3 = −3

MGUT � 2× 1016GeV

All done at one loop: 
two-loop corrections give 

slight modifications
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!   Allows for the unification of gauge couplings

SUSY particles at the TeV scale allow Unification of Gauge Couplings

SM: couplings tend to converge

at high energies but unification 
is quantitatively ruled out

αGUT � 0.04
MSSM: 

Unification at

and MGUT � 1016 GeV

Motivation 3: Unification of Forces

11

Unifying the known four forces has always been a goal – a 

paradigm – of particle physics.     (These are the famous “GUTs”)

“Unifying” means that there is a mass scale (or interaction energy) at which the 

electromagnetic, weak, and strong interactions have the same strength.

(Gravity is left out of the picture most of the time.)

The way the forces change with interaction energy is well known from precision 

measurements.  One can extrapolate to high energies.

In the SM, the three forces do not unify at a common point.

In SUSY, they do!

(= SUSY)

(interaction energy on a log scale)

Motivation 3: Unification of Forces

11

Unifying the known four forces has always been a goal – a 

paradigm – of particle physics.     (These are the famous “GUTs”)

“Unifying” means that there is a mass scale (or interaction energy) at which the 

electromagnetic, weak, and strong interactions have the same strength.

(Gravity is left out of the picture most of the time.)

The way the forces change with interaction energy is well known from precision 

measurements.  One can extrapolate to high energies.

In the SM, the three forces do not unify at a common point.

In SUSY, they do!

(= SUSY)

(interaction energy on a log scale) ~ 1TeV
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Electroweak Symmetry Breaking is generated radiatively

Renormalization Group Running for mSUGRA withm1/2 = 250 GeV,

m0 = 70 GeV, A0 = −300 GeV, tanβ = 10, and sign(µ) = +1

GauginomassesM1, M2, M3

Slepton masses (dashed=stau)

Squark masses (dashed=stop)

Higgs: (m2
Hu

+ µ2)1/2,

(m2
Hd

+ µ2)1/2

2 4 6 8 10 12 14 16 18
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Electroweak symmetry breaking occurs becausem2
Hu

+ µ2 runs negative near

the electroweak scale. This is due directly to the large top quark Yukawa coupling.

107

Renormalization group running of the soft SUSY breaking parameters starting 
with common values m0 and M1/2 for sfermion and guagino masses, respectively

mSUGRA (CMSSM) example:
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!  SUSY is well motivated on purely particle physics grounds

! Stabilization of the electroweak scale

! Radiative breaking of the EW symmetry

! Unification of Gauge Couplings

! SUSY and Cosmology :
!Dark Matter

!Baryon Asymmetry

" New CP violating Phases can arise when SUSY is softly broken

" Electroweak baryogenesis possible in Minimal SUSY SM extensions

Can SUSY explain both Mysteries of Matter?

SUSY with R-parity discrete symmetry conservedSUSY with R-parity discrete symmetry conserved

 naturally provides a neutral stable DM candidate: LSP naturally provides a neutral stable DM candidate: LSP

 

R
P

= (!1)
3B +L+2S

 

˜ ! 
0

Low energy supersymmetry          SUSY particles at the TeV Scale

The LSP annihilation cross section is typically suppressed

for most regions of SUSY spectrum             too much relic density

Cosmology excludes many SUSY models!

⇒

⇒

Low energy Supersymmetry
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  Cosmology data      Dark Matter       New physics at the EW scale

Evolution of the Dark Matter Density Being produced

and annihilating

(T!m
x
)

• Heavy particle initially in thermal equilibrium

• Annihilation stops when number density drops

• i.e., annihilation too slow to keep up with

         Hubble expansion (“freeze out”)

• Leaves a relic abundance: 

H > !
A
" n# < $

A
v >

Interactions

suppressed (T<m
x
)

Freeze out

!
DM
h

2
"  < #

A
v>

-1

If m
x
 and !A determined by electroweak physics,

!
A
" k#

W

2 / mX

2
! a few pb then !DM h2~0.1 for mx~0.1-1 TeV

Kolb and Turner

Remarkable agreement with WMAP-SDSS !
DM
h
2
= 0.104 ± 0.009

χχ↔ f̄ f

χχ→ f̄ f
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The Quest for Supersymmetry 44S. Kraml

Neutralino relic density

0.094 < !h2 < 0.135 puts strong bounds on the parameter space

"0 LSP as thermal relic: relic density computed as thermally avaraged

cross section of all annihilation channels  !  !h2 ~ #$v %!1

mSUGRA

Dark Matter density strongly restricts viable models: 
-- CMSSM example -- 
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The Quest for Supersymmetry 43S. Kraml

Neutralino relic density

0.094 < !h2 < 0.135 puts strong bounds on the parameter space

"0 LSP as thermal relic: relic density computed as thermally avaraged

cross section of all annihilation channels  !  !h2 ~ #$v %!1

mH ≈ 2mχ

Only green regions allowed
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••  Start with B=L=0    at T>Start with B=L=0    at T>TcTc

••  CP violating phases create CP violating phases create chiral baryon-antibaryon chiral baryon-antibaryon asymmetry in the symmetricasymmetry in the symmetric

phase. phase. Sphaleron Sphaleron processes create net baryon asymmetry.processes create net baryon asymmetry.

••  Net Baryon Number diffuse in the broken phaseNet Baryon Number diffuse in the broken phase

Baryon Asymmetry Preservation at the Electroweak Phase Transition

n
B
!  0

KuzminKuzmin, , Rubakov Rubakov and and ShaposhnikovShaposhnikov, , ’’85-85-’’8787

Cohen, Kaplan and Nelson Cohen, Kaplan and Nelson ’’93 93 Riotto, TroddenRiotto, Trodden’’9999

M.C, M.C, QuirosQuiros, , RiottoRiotto,,  ViljaVilja,  Wagner, Moreno,Seco97-02,  Wagner, Moreno,Seco97-02

Shaposhnikov Shaposhnikov ’’86-86-’’8888

 

n
B

s
=
n
B
(T

c
)

s
exp !

1016

Tc(GeV)
exp !

Esph Tc( )

Tc

" 

# 
$ 

% 

& 
' 

" 

# 
$ $ 

% 

& 
' ' 

 

v(T
c
) / T

c
>1

If             generated at TcIf             generated at Tc

To preserve the generated baryon asymmetry:

strong first order phase transition:strong first order phase transition:

Baryon number violating processesBaryon number violating processes

out of equilibrium in the broken phaseout of equilibrium in the broken phase
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! D term is responsible for the phenomenon of

      symmetry restoration

! E term receives contributions proportional to the

      sum of the cube of all light boson particle masses

Electroweak Baryogenesis in the SM is ruled out

••  Independent Problem: not enough CP violationIndependent Problem: not enough CP violation
Farrar and Farrar and ShaposhnikovShaposhnikov, , Gavela Gavela et al.,  et al.,  Huet Huet and and SatterSatter

 

V =D(T
2
!T

0

2
)H

2
+ E

SM
T H

3
+ "(T) H

4

and   
v(T

c
)

T
c

!
E

"
    ,   with "#

m
H

2

v
2

 

v(T
c
)

T
c

> 1 implies m
H

< 40 GeV !   ruled out by LEP

Finite Temperature Higgs Potential

Since in the SM the only bosons are the gauge bosons and the quartic coupling 

is proportional to the square of the Higgs mass
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Electroweak Baryogenesis in the MSSM :  is it possible?
New bosonic degrees of freedom:  superpartners of the top quark, with strong 
coupling to the Higgs
Sufficiently strong first-order phase transition to  preserve the generated baryon asymmetrySufficiently strong first order phase transition to preserve generated baryon asymmetry

• New bosonic degrees of freedom:  superpartners of the top quark, with strong

  couplings to the Higgs  couplings to the Higgs:

Baryogenesis in the Minimal SUSY extension of the SM (MSSM):

• Higgs masses up to 120 GeV

• The lightest stop must have a mass below 130 GeV

M.C, Quiros, Wagner

Present LEP bounds on the SM- like Higgs massPresent LEP bounds on the SM- like Higgs massm
HSM !like

> 114.6 GeV

 

! E
SUSY

"8E
SM

tan! = 5

• All other squarks heavy: a few tens of TeV

tan! = 10

tan! = 5

tan! = 10

 
m
!t
[GeV]

m
h
[GeV]m

h
[GeV]

 !m = 10 TeV  !m = 30 TeV

M.C, Nardini, Quiros, Wagner, in prep.

         CP violation in the Higgsino/Gaugino sector needed to generate the baryon asymmetry

technical framework for the treatment of the light stop scenario, in the presence of a very
heavy stop, was defined by using an effective theory approach and it was subsequently

applied to the EWBG scenario in Ref. [23]. For completeness, and in order to define a
few representative updated points, we present the results of such an analysis here.

In order to properly analyze the issue of EWBG we have complemented the zero tem-

perature results with the two-loop finite temperature effective potential [12]. Light stops
may be associated with the presence of additional minima in the stop–Higgs V (t̃, h) po-

tential, and therefore the question of vacuum stability is relevant and should be considered
by a simultaneous analysis of the stop and Higgs scalar potentials. All points shown in

Fig. 1 fulfill the vacuum stability requirement 1.
For values of the heavy stop mass mQ below a few tens of TeV, the maximal Higgs

mass that can be achieved consistent with a strong first order phase transition is about

122 GeV. The main reason is that larger values of the Higgs boson mass would demand
large values of the mixing parameter Xt, for which the effective coupling ghht̃t̃ of the

lightest stop to the Higgs is suppressed, turning the electroweak phase transition too
weak. In the effective theory the coupling ghht̃t̃ is given by
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Figure 1: The window with 〈φ(Tn)〉/Tn ! 1 for a gluino mass M3 = 700 GeV, mQ ≤ 50TeV

(left panel) and mQ ≤ 106 TeV (right panel).

1There is an apparent loss of perturbativity in the thermal corrections to the t̃ potential associated
with the longitudinal modes of the gluon. In our work we considered that, due to their large tempera-
ture dependent masses, the terms proportional to the third power of their thermal masses in the high
temperature expansion are efficiently screened and do not lead to any relevant contribution to the t̃
potential.

4

Invisible Higgs decay into neutralinos must be open to compensate for enhanced gluon 
fusion rate for light stop 

Point A B C D E F G

|At/mQ| 0.5 0 0 0 0.3 0.4 0.7

tan β 15 15 2.0 1.5 1.0 1.0 1.0

Table 1: Values of the fundamental parameters at the scale mQ = 106 TeV corresponding to the

benchmark points shown in the left panel of Fig. 1.

ghht̃t̃ ! h2
t

(

1−
X2

t

m2
Q

)

(1 +∆g) (2.1)

where ∆g contains one-loop threshold and radiative corrections (see Ref. [31] and Fig. 1

of Ref. [33]). Such Higgs mass values, below 122 GeV, would not lead to an explanation
of the Higgs signal observed at the LHC [24–30].

For larger values of the heaviest stop mass the logarithmic corrections to the Higgs
mass increase and larger values of the Higgs mass may be obtained for the same value

of Xt/mQ, preserving the strength of the phase transition. In this paper we shall focus
on benchmark points where mQ = 106TeV. This is represented in the right panel of
Fig. 1, where it is shown that values of the Higgs mass as large as 132 GeV may be

obtained for this value of mQ and (relatively large values of) tanβ ! 15, corresponding to
point A. However any given point inside the EWBG region calculated at mQ = 106TeV

and moderate tanβ can also be conveniently obtained by decreasing mQ and increasing
tan β. Even for tan β ! 1 values of the Higgs mass about 125 GeV may be obtained

for mQ = 106 TeV, as it is represented by point G in Fig. 1. The largest values of the
Higgs mass are obtained for the largest possible values of the Higgs mixing parameter,
which in turn leads to the smallest values of the lightest stop mass consistent with a

strong electroweak phase transition. Points A and B have tan β ! 15 while the rest of
the points have smaller values of tan β as shown in Tab. 1, which defines the values of

the fundamental parameters for the benchmark points used in this work 2. Finally let us
stress that, although in this paper we concentrate on the MSSM case, the value of mQ

can be considerably lowered in some non-minimal UV completions of the LSS [36].

3 Light Neutralinos and the EWBG Scenario

In this section, we shall study the effects of light neutralinos on the Z and Higgs in-

visible width, as well as on the stop phenomenology within the EWBG scenario. As it
was discussed in section 1, a light stop with relevant couplings to the Higgs (leading to

2Notice that the parameters At ! Xt as µ = O(100GeV) # mQ in the LSS.
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technical framework for the treatment of the light stop scenario, in the presence of a very
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applied to the EWBG scenario in Ref. [23]. For completeness, and in order to define a
few representative updated points, we present the results of such an analysis here.
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with the longitudinal modes of the gluon. In our work we considered that, due to their large tempera-
ture dependent masses, the terms proportional to the third power of their thermal masses in the high
temperature expansion are efficiently screened and do not lead to any relevant contribution to the t̃
potential.
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Conclusions:

The Higgs discovery is of paramount importance

but

We need more precise measurements of Higgs properties
 

and/or 

direct observation of new physics 

to further advance in our understanding of EWSB
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